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Abstract
Abstract
The motivation of this project is to explore the use of digital pulse processing 
techniques for fast neutron and gamma ray detection in liquid scintillator. Digital techniques 
can simplify the performance of scintillation detectors where both timing information and 
pulse-height spectroscopy are required. Software based pulse shape discrimination (PSD) 
and timing algorithms have been developed that can be used in various neutron experiments 
in the time-of-flight (TOF) mode over a wide neutron energy range. These algorithms can be 
applied to current pulses produced directly from the photomultiplier tube and thus removing 
the need for processing electronics, which are typically required in an analog pulse shape 
system. The digital techniques developed in this study were applied to a large volume 
“Demon” liquid scintillator detector. The Demon detector has a high intrinsic efficiency over 
a large energy range that is 50% for neutrons o f 10 MeV and about 50% for y-rays of 1275 
keV. During the normal Demon experiments the energy of fast neutron is measured using 
analog TOF methods.
Application of the digital techniques developed in this work can be extended to 
neutron gamma coincidence experiments to measure the neutron energy spectrum using the 
time-of-flight technique. In this work the performance of the digital TOF and PSD 
techniques were investigated by measuring the fast neutron energy spectrum from an Am-Be 
source.
The use of digital pulse processing is a powerful technique that allows acquires both 
the time and energy information from a single data set. Good n/y separation was obtained 
using digital PSD applied to the Demon detector. The PSD figure-of-merit was investigated 
and the performance of different algorithms was compared. The application of digital timing 
methods was investigated and the results are compared to those obtained using conventional 
techniques.
Key words: Digital pulse shape discrimination, digital timing techniques, time-of-flight, 
Demon detector, and waveform digitiser.
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Introduction
1. Introduction
1.1. Overview
Neutron detectors have many applications including, nuclear technology,
fundamental science, fusion plasma diagnostics, radiotherapy, and radiation protection
(Brooks and Klein, 2000). There are different technologies used for neutron detection
depending upon the types of applications. These include track detectors, image plated,
activation detectors, bubble detectors, proton recoil instruments, moderating detectors,
proportional counters and scintillation detectors (Peurrung, 2000). Neutrons are generally
detected through nuclear reactions that result in energetic charged particles such as protons,
alpha particles and fission products etc. Because the cross section for neutron detection in
different materials is a strong function of neutron energy (Knoll, 2000), so classically,
neutron detection has been split into two major technological forms that of slow neutron
detection and that of fast neutron detection. Slow neutron detection relies on nuclear
reactions such as 10B(n, a) 7Li, 6Li(n, a) 3H, 3He(n, p) 3H and neutron induced nuclear
reactions. Because the energy of the detected neutron is small compared to the Q-values of
these reactions, the reaction products carry away an energy corresponding to the Q-value.
This means that information on neutron energy is lost in these reactions. Methods based on
nuclear reactions have resulted in the widespread use of the boron tri-fluoride (BF3) and the 
 ^ ♦ ♦ *He proportional gas counters. Some inorganic scintillator utilizes above reactions 
(particularly 6Li glass scintillator) for neutron detection in low energy neutron experiments 
(Harvey and Hill 1979). With these scintillators, high efficiency for eV neutrons and about 
10% for keV neutrons are easily achieved.
The most common technique (Rybakove, 1960) use to detect fast neutrons is based 
on the elastic scattering of neutrons with light nuclei, resulting in a recoil nucleus, often a 
proton. The recoil charged particle is then detected. The energy of a neutron can be 
determined from the energy of the recoiling charged atom at a particular angle. Since organic
1
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scintillators contain a large amount of hydrogen (~1.1 atoms of hydrogen per atom of carbon 
and a density of ~ 1.0), fast neutrons are therefore normally detected via proton recoil signals 
produced by neutron scattering events within these hydrocarbon scintillators. With these 
organic scintillation detectors (Harvey and Hill 1979), high efficiency (up to < 1, to -10%) 
are possible over a wide range of 10 keV to 100 MeV with energy resolutions from 3 to 30 
% above 100 keV. Fast neutron detection is also possible with detectors used primarily for 
slow neutron detection (Brooks and Klein 2002) through the use of a moderating material 
such as polyethylene placed between the flux and the detector. But the moderator-based 
detectors are slow and cannot be used for timing measurements.
Fast neutron detection is generally difficult in mixed fields with gamma background, 
which contaminate the neutron energy spectrum. Some neutron detection applications such 
as neutron dosimetry need to discriminate between fast neutron and gamma rays. Therefore, 
neutron spectrometers used for characterisation of such fields should either contain a 
scintillator that is able to discriminate between neutron and gamma ray events (Klein and 
Neumann, 2002), or gamma ray insensitive. The most common method of fast neutron 
detection is the use of organic scintillators coupled to photomultipliers tube with neutron 
gamma pulse shape discrimination techniques (Knoll, 2000). Large organic scintillators such 
as NE213 and BC501A are well suited and routinely used for spectroscopy in mixed neutron 
gamma field (Klein, and Neumann, 2002), have been shown to be effective spectrometers for 
measuring neutron energy distributions in the range 2-30 MeV. hi particular plastic and 
liquid scintillators are valued for their fast timing and PSD properties. On the other hand 
inorganic scintillators due to having high density and Z-number are most suitable for high- 
energy experiments, hi particular there has been recent interest (Skulski and Momayezi
2001) with Csl (TI) due to its superior pulse shape discrimination among the inorganic 
scintillators. In particular a clean separation has been achieved between charged particles 
such as protons or alpha particles and electrons.
Organic materials can also be adopted to detect thermal or slow neutrons by addition 
of 6Li or 10B (Knoll, 2000). Neutron detection within the scintillator is achieved through the
10 7 • ,B(n, a) Li reaction. This process of loading the scintillator may induce quenching which 
degrades the light yield and decay characteristics of scintillator. Boron loaded liquid 
scintillator (BC523 with a 10B content of 1%) is usually applied to slow neutron detection 
(Chou and Horng 1993) due to the high thermal neutron capture cross section of 10B (3840 
bam) but was also used as a part of a full-energy neutron spectroscopy (Aoyama, Honda et
2
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al. 1993), system and has provided high gamma background rejection without using a 
gamma ray shield.
Liquid scintillators continue to be the material of choice (Winyard, Lutlcin et al,
1971) for n/y discrimination due to their superior pulse shape discrimination. The use of PSD 
in liquid scintillator relies on the presence of long lifetime component of the scintillation 
light produced by high linear energy transfer (LET) events such as proton recoils due to 
neutron scatter events. In the past, this phenomenon has been extensively studied using 
analog pulse processing techniques including the two widely used methods of rise time, 
characterized by a simple measurement of the time interval between 10% and 90% of the 
amplitude of the integrated pulse amplitude (Ranucci, 1995) and (Kamada, 1999) and the 
second method is the charge comparison that determines the relative weight of the amount of 
light emitted respectively in the fast and slow components of the light pulse (Heltseley, 
Brandon et al. 1988). The implementation of this method generally relies upon the 
integration of the pulse over two different time intervals. The other approaches to distinguish 
between neutron and gamma rays is the zero-crossing method produces bipolar pulses and 
measure the time at which the pulses cross the base line (Wolski, 1995). This method allows 
an indirect evaluation of the rise time of the pulse. The above methods used by analog 
techniques need bulky electronics to get the desired information about the pulse shape.
The majority of scintillation-based neutron spectrometers used recoil proton method 
to measure the neutron energy spectrum. But most high-resolution neutron experiments e.g. 
accelerator facilities use the time-of-flight technique to measure the neutron energy. The 
time-of-flight method can also be used to distinguish between neutrons and gamma ray 
However, in order to achieve good results with the time-of-flight method, it is necessary to 
have a detection system with a good intrinsic timing resolution. The accuracy of timing 
measurements is limited in resolution by random walk of the piclc-off time marking the 
arrival time of a timing pulse due to variation in the pulse amplitude and shape, as well as 
time jitter introduced by additive noise (Paulus, 1985). A number of hardware time pick-off 
methods such as constant fraction discriminator (CFD) are usually used to reduce such 
effects with varying degree of success (Knoll, 2000).
The improvement in the timing resolution based on fast digital oscilloscope has 
recently become feasible e.g. (Saito, 2003). Also the discrimination between neutron and 
gamma ray events by examining the width of pulses or the rise time on event-by-event bases 
using a digital oscilloscope has been investigated in a previous work (Skulslci and Momayezi
2001). However, for last decade such work was greatly limited by low speed of the digitiser.
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Recently, high-speed ADCs have become available, and so the development of the digital 
PSD techniques in organic scintillators has become possible (Sellin and Jastaniah 2004). 
Some more examples and the application of the digital data acquisition techniques can be 
found in the studies of (Bartalot, Esposito et al. 2006) and (Laptev, Nalcamura et al. 2006).
The availability of high-speed waveform digitisers with sampling times of the order 
of 1 ns has made possible the complete digitisation of scintillators pulses on an event-by- 
event basis (Sellin and Jaffar 2003). Both digital and analog techniques share basically the 
same aims in signal processing that are to extract infonnation such as pulse height, pulse 
shape etc from the incoming data stream. However in the digital pulse processing, the 
preamplifier output signal is digitised directly and processed to extract the required 
information (Warburton, 2000). This means that a less bulky electronics are used to build the 
detection system. Also such methods allow the collection of as much information from the 
neutron detector as possible, so that any algorithm can be used for data evaluation and may 
be applied by only a change of the analysis software. Therefore the application of various 
digital timing and PSD algorithms can potentially achieve enhanced n/y discrimination 
compared to previous analog techniques. So far many attempts are made to obtain the pulse 
shape discrimination (PSD) using either digital based hardware electronic or software-based 
algorithms applied to scintillators detectors. Two studies may be given for example, 
(Marooni. Cano-Ott et al. 2000) and (Komilove, Khriatchkove et al. 2003). Different authors 
have also investigated the applications of the digital timing methods for nuclear physics 
experiments using a fast high resolution ADC, e.g. (Nelson, Rooney et, al. 2003). The fast 
digital pulse processing systems they have implemented in such works are capable of 
capturing the complete pulse in digital fonn. However, such studies have concentrated on 
complex pulse shape analysis, typically using linear regression techniques to fit a calculated 
response function to each pulse. Such techniques are highly computationally intensive and 
poorly suited for real-time processing in potential field instruments.
1.2. Present W ork
The motivation of this work is to explore the digital PSD and timing algorithms, 
which can simplify the experiments where both the time and pulse-height spectroscopy are 
required. The software based PSD and timing algorithms are developed that will be used in
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various neutron experiments in the time-of-flight mode over a wide neutron energy range. 
The main concerns of this research are below.
• Characterise the digital pulse shapes discrimination algorithms and their application 
to scintillators.
• Develop digital algorithm for characterising the timing properties of scintillators.
• Explore the effect of digital sampling rate on timing and consequently on neutron 
energy resolution.
• To apply these techniques to a large volume “Demon” liquid scintillator detector.
• To characterise the digital timing and PSD by measuring the time-of-flight fast 
neutron spectrum from a Am-Be neutron source.
1.3. Thesis outline
This thesis covers the research earned out at the University of Surrey from January 
2003 to March 2006, to develop the digital data acquisition techniques to explore the timing 
and PSD properties of a liquid scintillator detector.
The research began with the evaluation of the pulse shape discrimination (PSD) of a 
Demon detector based on a high-speed waveform digitiser and a digital oscilloscope. A brief 
description of the basic theories of radiation interactions with matter, scintillation light 
mechanisms and the scintillators properties are reviewed in chapter 2. The theory of neutron 
detection, detail of the conventional methods used for neutron gamma PSD and for timing 
measurements are explain in chapter 3, which also includes the theory of the employed 
digital timing and PSD methods. The performance of the Demon detector in terms of its 
response to neutron and gamma rays, and its PSD properties using the digital pulse 
processing is presented in chapter 4.
The application of the analysed digital timing algorithms can be extended to the 
neutron gamma coincidence data to measure the neutron time-of-flight spectrum and 
consequently the neutron energy spectrum. The detail of such applications and data is 
discussed in presented in chapter 5.
Conclusion regarding the potential for using the developed digital data acquisition for 
neutron detection in neutron monitoring is given in chapter 6, where future work is 
recommended.
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2. Radiation Interactions and Scintillators
2.1. Introduction
This study is concern about the characterization of pulse shape discrimination (PSD) 
and timing properties of organic scintillator detector using digital methods. Pulses from 
organic scintillator detector are affected by a nature of parameters including the interaction 
of radiation within the scintillator material, response of the detector, timing properties of the 
photomultiplier tube and pulse processing system. In this chapter the basic theory involved 
in the interaction of radiation, scintillation detectors and their properties are discussed. The 
major ionising radiations are either charged (heavy charged particle and electrons) or 
uncharged (neutron or gamma photons). The detail of charged particle interaction is 
described in section 2.2, while the interaction mechanisms of gamma rays are covered in 
section 2.3. The classification of neutrons into fast and thermal group and their different 
interactions mechanisms with matter are found in section 2.4. A brief introduction to 
scintillator materials and their different properties are discussed in section 2.5.
2.2. Interaction of charged particle
Charged particles such as electrons, protons and alpha particles lose their energy 
through the Coulomb interaction with atomic electrons in the surrounding matter. The rate of 
energy loss in matter increases as the charge and mass of the particles increases, but the 
conversion efficiency of particle energy into scintillation light decreases.
Born and Bethe have shown that the stopping power, (energy loss per limit length) of 
a material is proportional to the mass and the square of the atomic number of the material 
given by:
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Z 2
= -K M  —  
Edx
Equation 2-1
Here
K= proportionality constant
M, Z= mass and atomic number of atom.
E = energy of the particle
Thus a fast moving particle deposits less energy per limit length compared to when 
energy is reduced. High stopping power results in generating a high ion pair density.
The main interaction for the a-particle is through the Coulomb force between the 
particle positive charge and the negative charge of an orbital electron. The maximum energy 
loss AE for an alpha particle in a single collision is given by:
Where Ea is the alpha particle kinetic energy and Ma, me are the alpha particle and 
electron masses respectively. It is obvious that each alpha particle require many collisions 
before completely coming to stop. From Equation 2-1 it is also clear that as the alpha particle 
loses its energy the stopping power increases. At the end of its path the stopping power is the 
highest; this effect is explained by a Bragg curve as shown in Figure 2-1. The charged 
particle tends to travel initially through the material with a low energy loss then it stops 
suddenly depositing almost all its energy in a short distance.
a-Particles
Equation 2-2
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Figure 2-1 Typical Bragg curve for an alpha particle in a solid material (Knoll, 2000)
Fast electrons
The electron loses its energy in a large number of ionization or excitation events. Due 
to the smaller mass and higher velocity, the range of the electron is considerably greater than 
that of an alpha particle of comparable energy. Furthermore due to scattering occurring 
between two particles of equal mass a large number of deflections or scattering angles can 
occur with each interaction, resulting in many path changes within the absorbing medium. Its 
range is therefore much less well defined and its linear distance of penetration will be very 
different from the total path length it follows through the absorber. Also the sudden changes 
in direction and speed cause the emission of Bremsstrahlung radiation, which results in a 
reduction of the electron energy. Thus the stopping power of the electron is the sum of two 
terms, one due to collisions with the electrons in the medium and the second due to 
radioactive energy loss, i.e.
„  H E H E .  S  =  (— ) + ( )'  j  ' c ' \ i Jrax ax
Equation 2-3
Where ‘c’ denotes the collisional term due to ionization and excitation while er ’ 
denotes the radiative term. The ratio of the two terms depends upon the energy of the
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electron and Z number of absorber. The electron range, equal to the total path length covered 
by an electron, can be obtained by integrating the expression for dE/dx. This procedure is 
difficult to apply for electrons due to their random path. Instead the term ‘range density’ is 
used for the electron range. Figure 2-2 shows the range-energy relationship for electrons in 
silicon. This range-energy data is used to estimate the range with relative values of stopping 
power. The range of electrons is much smaller than the distance these particles travel in 
matter, due to multiple scattering creating a wandering path as they travel through the 
material. The absorption of fast electrons as a function of absorber thickness follows an 
exponential distribution. Consequently an absorption coefficient ‘n’ could be defined for 
electrons and given by:
I  = I0 exp(-rtx)
Equation 2-4
Where I  is the observed intensity, lo is the incident intensity, ‘x’ is the observer
* * 2 2 thickness in g/cnr. Thus, the absorption coefficient ‘n’ has a unit of cm /g.
ENERGY [MeV]
Figure 2-2 Range vs energy relationship for electrons in silicon (Helmuth spieler, 1999).
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2.3. Photon interactions
Photons interact at localised positions in the absorbing medium, in which the photon 
energy is partially or fully transferred to electron energy. There are three primary processes 
by which y-rays or X-rays interact with matter. These are the photoelectric effect, Compton 
scattering, and pair production. Figure 2-3 explains the probability of occurrence of this 
phenomenon as a function of photon energy. Some more details about each interaction is 
discussed in the following sections.
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Figure 2-3 The relative importance of the three major types of gainma-ray interactions. The 
lines show the value of Z and photon energy for which the two neighbouring process are just 
equal likely (Evan, 1995).
10
Radiation Interactions and Scintillators
2.3.1. Photoelectric effect
If an incident photon energy is comparable with the electron binding energy, it is 
more probable that a photoelectron interaction will occur. In this process an incident photon 
produces a free photoelectron, which occurs in the vicinity of atom of the absorber material. 
The emitted electron is called the photoelectron and has energy given by:
T = Ey - B e
Equation 2-5
Here,
T= Photoelectron ICE 
Be=Binding energy of electron 
Er= Incident photon energy
This photoelectron may lose its energy by transferring all its energy to an Auger 
electron, which is emitted from the atom. The other possibility is that an electron from an 
outer shell may fill the vacancy in the inner shell with the emission of a characteristic X-ray. 
If these characteristic X-rays are stopped within the detector then the detector will measure 
the full energy of the incident photon. The probability for photoelectric absorption varies 
strongly with photon energy Er & Z of absorber, and is given by the relation:
o z*o „ ocpe 773.5 
E r
Equation 2-6
Here 8pe is the photoelectric probability. Because the photoelectric process results in 
complete conversion of the photon energy to electron energy; it is therefore an ideal 
conversion process.
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2.3.2. Compton scattering
In this interaction an incoming photon interacts with a free electron in the absorber 
through the process of Compton scattering. In this process the photon changes direction and 
transfer a portion of its original energy to the electron from which it scattered, producing an 
energetic recoil electron. The process is shown in Figure 2-4.
Scattered
Photon
Electron
Figure 2-4 A schematic of the Compton scattering interaction
The fraction of the photon’s energy that is transferred to the electron depends on the 
scattering angle, and is given (Evans, 1995) by relation:
E' B?
Y E
1 + — M l- c o s i ? )  
m0C
Equation 2-7
Here Ey and E Y are the energies of the incident and scatted photon respectively and 0 
is the scattering angle. Therefore the kinetic energy T of the recoil electron is given by:
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1 + - / / - (1 -C O S 0 )  
mQ C
Equation 2-8
Since in general all scattering angles are possible, the recoil electrons are produced
with a continuum of energies ranging from zero (0=0) to maximum (0=7i). For monoenegetic 
gamma rays the energy spectrum has the general shape shown in Figure 2-5.
E
Figure 2-5 Schematic of energy spectrum recorded by a scintillator detector for photons 
interacting by photoelectric absorption and Compton scattering (Knoll, 2000)
The gap between the Compton edge and the incident gamma-ray energy is called the 
Compton gap and is given by:
Compton continuum —a*
"Compton
edge"
Er
1 + 2 Er /m0C
Equation 2-9
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For higher values of photon energy (E y»m 0c2) the energy gap approaches a constant 
value of 0.256 MeV. The probability of Compton scattering depends directly on the density 
of electrons in the absorber i.e. the Z number of material. In particular due to the low Z 
number of organic materials, there is often no photo peak measured and Compton scattering 
is the dominant photon detection process for organic scintillators.
2.3.3. Pair production
This process is possible when the incoming energy is above 1.02 MeV. In the field of 
the nucleus of the absorber material the photon may be absorbed and be replaced by the 
formation of an electron-positron pair. The minimum energy required for this process to 
occur is therefore 1.02 MeV. When the photon energy exceeds this value the excess energy 
appears as the kinetic energy shared by the positron and electron that formed. Both particles 
lose their kinetic energy over a distance of a few millimetres in the absorbing material. When 
the positron reaches the end of its track, it combines with an atomic electron from the 
absorber in a process known as annihilation. As a result both particles disappear and a pair of 
back-to-back annihilation photons are emitted, each with an energy 0.511 MeV. These 
annihilation photons can then undergo further Compton scatter or photoelectric interactions.
2.3.4. Attenuation of gamma-rays
For a well-collimated beam of photons, all the above three interactions processes 
cause attenuation of the photons when passing through matter. A narrow beam of 
monoenergetic photons with an incident intensity lo, penetrating a layer of material of 
thickness x  and density p, emerges with intensity I, represented by the exponential 
attenuation law:
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- f  = ex p [(-± -)x ] 
h  P
Equation 2-10
Here pm is the mass attenuation coefficient and related to linear mass coefficient p as 
Mm ~ and the total attenuation coefficient is the sum of the coefficients for all three 
interaction processes and given as.
M ~ Mpe + Mcs + Mpp
Equation 2-11
2.4. Neutron interactions
A neutron is an uncharged particle having a mass almost equal to that of a proton. 
Due to absence of the Coulomb force neutrons cannot interact directly with the absorber. As 
a result, an energetic neutron travel many centimetres through solid materials, when they do 
interact it is primarily with the nuclei of the absorbing material. For detection purpose, the 
neutron interaction results in the formation of energetic heavy charged particles. Thus the 
detection of the neutron (Price, 1964) merely depends upon the detection of these secondary 
charged particles. Because the type of interaction that are useful in neutron detection are 
energy dependent it is therefore convenient to subdivide the discussion into slow and fast 
neutron interaction mechanisms.
2.4.1. Slow neutrons
These are conventionally defined as neutron whose energy is below the cadmium 
cutoff of about 0.5eV. Slow neutrons usually undergo elastic scattering interactions with the 
nuclei and may in the process transfer a fraction of their energy to the interacting nucleus.
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The important interactions for detection of slow neutrons involve nuclear reaction in 
which neutron is absorbed by the nucleus and charged particles are formed. All the reactions 
of the interest for the slow neutron detections are exoenergetic, that an amount of energy (Q- 
value) is released in the reaction. The charged particles are produced with a large amount of 
kinetic energy supplied by nuclear reaction. These charged particles are then basis of neutron 
detection. Some specific examples of nuclear reactions of interest in slow-neutron detection 
are given in Table 2-1.
Table 2-1 Reactions suitable for slow neutrons detection
Reaction
type
Daughter
products
Q-value
(MeV)
Cross-section
(barns)
Daughter Product
energies (MeV)
10B(n, a) 94%:
7Li* + a + y 
(0.48MeV)
6%:
7Li +a
2.31
2.79
3840 Ey = 0.84 
E„=1.47 
Ey =1.02 
Ea = 1.78
6Li(n, a) 3H, a 4.78 940 EH = 2.73 
E„ = 2.05
3He(n, p) 3h , 'p 0.76 5330 EH = 0.19 
Ea = 0.57
li7Gd(n,y) y-rays and 
c.e.
255,000 Ee = 0.072
The probability of a neutron interacting with a nucleus for a particular reaction is 
dependent upon not only the kind of nucleus involved, but also the energy of the neutron and 
is shown in Figure 2-6. The most common reaction used for slow neutron detection is 10B. It 
is because it has a higher cross section than the 6Li reaction and has a natural abundance of 
about 19.98%. It is also clear from the figure that 3He has the highest cross section than l0B 
until the resonance region (>100 keV) but the disadvantage is its gaseous state. On the other
157 •hand " Gd having 15.7% natural abundant has the highest thermal neutron capture cross 
section among the any material. The neutron absorption in this material results is production
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of conversion electrons that have found some application in neutron detection and imaging 
(Czirr, MacGillivray et al. 1999). The Q-value of the reaction is very large compared with 
the incoming energy of the slow neutron, so that the energy imparted to the reaction products 
is essentially just the Q-value itself. The individual energies of the reaction products shown 
in Table 2-1 are calculated from the conversion of energy and linear momentum as follows:
E pl = Q  &-----
M n + M P2
Equation 2-12
EP2 = Q  Y ai-----
p- M PI+ M P2
Equation 2-13
Where Mpi and MP2 are the masses of the two reaction products.
Neutron Energy (eV)
Figure 2-6 Cross section versus neutron energy for som e reaction o f  interest in neutron  
detection (K rane, 1988).
17
Radiation Interactions and Scintillators
The probability of a particular reaction occurring between a neutron and a nucleus is 
called the microscopic cross section (cr) of the nucleus for the particular reaction. It has 
the unit o f area, which is called the bam (lbarn =10'24 cm2). The neutron interaction not only 
depends upon the microscopic interaction but also on the number o f nuclei within the target. 
Therefore, it is necessary to define another kind of cross section known as the macroscopic 
cross section (2). The macroscopic cross section is the probability of a given reaction 
occurring per unit length travelled by the neutron. 2  is related to the microscopic cross 
section (<r) by the relationship shown below.
Equation 2-14
Where:
2  = macroscopic cross sections (cm-1) 
a  = microscopic cross sections (cm'2)
N= atom density of material (atoms/cm3)
Since the neutron can interact either through a reaction or through scattering, so the 
total cross section is the sum of two terms
I, = I IR+'L s =N(<7R+crs)
Equation 2-15
Where the subscript ‘R’ stands for absorption and ‘S’ for scattering. The 
macroscopic cross section is used in a similar manner to the linear attenuation coefficient for 
gamma rays. Thus the attenuation relation described by Equation 2-10 implies that the 
number of detected neutrons will decrease exponentially with the material thickness.
The inverse of this value describes how far the neutron will travel before undergoing an 
interaction and is known as the mean free  path for that interaction. It is represented by the 
symbol X. And given by the equation:
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mean free path= /t=
Equation 2-16
2.4.2. Fast neutron interactions
Fast neutrons are those whose kinetic energy is greater than 1 keV. The detectors 
based on neutron-induced reactions are inefficient for detecting fast neutrons. The most 
common detectors uses for the detection of these high-energy neutrons are based on the 
elastic scattering of neutrons from the nuclei. The neutrons transfer a significant amount of 
energy to the nucleus they strike and produce an energetic recoil nucleus. This nucleus then 
behaves the same way as other charged particle and loses its energy in the absorbing 
material. The energy of the recoil and the scattered neutron then can be measured by 
applying simple laws of conversation of energy and momentum. The situation is illustrated 
in Figure 2-7.
Center-of-mass system
Scattered
Lab system
Scattered
neutron
Figure 2-7 Neutron elastic scattering diagram for the centre-of-mass and the laboratory 
coordinate system
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The energy of the recoil nucleus in the centre-of-mass coordinate system is given by:
2 A 
(1 + A )‘E r = a2  C1 “ c o s 0 ) E«
Equation 2-17
Here
A = mass of target nucleus/neutron mass
En = incident neutron energy (laboratory system)
Er = recoil energy (laboratory system)
® = scattering angle of neutron in the centre-of-mass coordinate system 
0 = scattering angle of recoil nucleus in the lab coordinate system
The energy of the recoiling nucleus can also be expressed in the lab coordinate system as 
follows
4 A
E r = ---------- -
R (1 + + )2 "
Equation 2-18
And the relation between the respective scattering angles in the laboratory and centre of 
mass coordinate system is:
cos <9 = 1 -  cos ©
Equation 2-19
It is clear that the amount of energy transferred varies from zero for a grazing angle 
scattering to a maximum for the case of head-on collision. Table 2-2 show the maximum
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fraction f  the incoming energy, which is transferred to recoil nucleus in a single collision, as 
a function of different target materials. It is obvious that neutron can transfer up to all o f its 
all energy to hydrogen in a single collision; for the maximum condition where 0=tc°. In 
general, all scattering angles are allowed and there will be an energy distribution of recoil 
nuclei i.e. a continuum of possible recoil energies between the two extremes from zero to the 
maximum value. If the scattering process is isotropic in the centre-of-mass system (for 
neutron energy up to 10 MeV the scattering of neutron is isotropic), the response function of 
a detector based on simple hydrogen scattering should have a simple rectangular shape, and 
the average proton energy is then equal to half of the incident neutron energy.
Table 2-2 Maximum fraction of energy transfer in single neutron interaction
Target
nucleus
A
\ 1 r
i
E n  max (1 +  A ) 2
lH 1 1
2h 2 0.889
"He 3 0.750
4He 4 0.640
12C 12 0.284
Similarly the relation between the incident and the scattered neutron energy (En and E 'n) can 
be found and given by:
E n _ A 2 + l  + 2ricos#
T n ~ (1+ A )2
Equation 2-20
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If cm 5 is the incident neutron mass and ‘M* is the mass of target nucleus, which is 
initially assume to be at rest, the Equation 2-20 then reduces to the special case for a head on 
collision (0=7c) as:
E'H= [ ~ f - f E n=aE„ 
M  + 171
Equation 2-21
Here a is called the collision density and represents the minimum fraction of energy 
which is retained by the neutron after a collision. A convenient measure of neutron energy 
loss per collision is the logarithmic energy decrement, which is the average energy decrease 
per collision. This quantity is represented by symbol and is given by:
^ = ln £ ( - l n £ / = ln [A -]
E f
Equation 2-22
Here
Ej = Average initial neutron energy 
Ef= Average final neutron energy
In terms of mass number A, the above equation can be written as
,  , ( A - l ) 2 . ( A - l )  £ = !+ -  — In
2 A A +1
Equation 2-23
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Since the fraction o f energy retained by a neutron in a single collision is constant for 
a given material, therefore £, is also constant. The number of collisions required to reduce the 
energy of a neutron from a higher energy to a lower energy is then calculated as:
Ini?. - Ini/ 
N =  1--------L =-
ln f f l
f f l
Equation 2-24
Table 2-3 summarizes the different properties of a various materials used for neutron 
moderation. The data in the table is for the fast neutrons originally have energy 1 MeV that 
is then reduces to a typical thermal energy value 0.025 eV after through a scattering process.
Table 2-3 Properties of different materials used for neutron 
scattering ( for Et=l MeV and Ej=0.025eV)
Material a 5 N
0 1.00 18
2H 0.11 0.725 25
4He 0.360 0.425 43
12C 0.716 0.158 115
238u 0.983 0.0084 2200
In addition to neutron scattering process, there is a low probability of undergoing fast 
neutron induced nuclear reactions, which forms the basis of some fast neutron detectors. For 
higher neutrons, inelastic scattering with the nuclei is possible. In this case, the neutron loses
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more energy than it would lose in an elastic collision. The recoil nucleus is elevated to an 
excited state, then de-excites, emitting one or more gamma ray.
2.5. Scintillation Detectors
Scintillators are materials, which emit quanta of visible light when radiation interacts 
them. The mechanism of the scintillation process varies from material to material. The 
scintillator materials can be classified into organic and inorganic. In the organic scintillator 
the scintillation process is a function of a single molecular process and the light is produced 
by molecular excitation, while inorganic scintillator requires a crystal lattice to scintillate. 
The properties of scintillators are discussed in detail textbook by Birks, 1964. A good 
scintillator should have the following properties (Knoll, 2000).
1. High scintillation efficiency, i.e., the ability to convert most of the radiation 
energy into light
2. The conversion of radiation into light should be linear over a wide range of 
energies
3. The medium should be transparent to the scintillation light
4. The decay time of the produced scintillation light should be short
5. The material should be of good optical quality and subject to manufacture in sizes
of interest as a practical detector.
6. The index of refraction of the detector should be near that of glass (1.5) to permit
efficient coupling of the scintillator to a photo multiplier tube
2.5.1. Inorganic scintillators
The electron energy states in inorganic scintillators are well defined and only have 
discrete values. In the lower band, called the valance band, the electrons are bound at lattice 
sites, hi the upper band, called the conduction band, the electrons are free to migrate 
throughout the crystal. The energy gap between the valance and conduction band is called 
the forbidden band and is typically equal to 4 eV in an insulating crystal material. In a pure
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crystal electrons can never be found in the forbidden band. A common inorganic crystal, 
which acts as a scintillator, is an alkali halide crystal such as Nal (Sodium Iodide).
The absorption of incident radiation results in formation of a large number of 
electron-hole pairs. The electrons will be excited to the conduction band and therefore 
migrate freely throughout the crystal. The excited electrons de-excite to the valance band 
after a short decay time (250 ns for Nal) with the emission of optical photons. These emitted 
photons are energetic enough to re-excite electrons from the valance band and the crystal is 
therefore not transparent to its own radiation. In order to make this process more efficient a 
small amount of impurities such is added such as thallium to make Nal (TI). These impurity 
atoms provide some extra states within the energy gap (as shown in Figure 2-8), which 
reduce the self-absorption.
There are some inorganic scintillators, which are self-activated, for example CdS 
(cadmium sulphide with excess Cd) and bismuth germanate (BGO). BGO has the highest 
probability per unit volume for photoelectric absorption due to its high atomic number and 
high density of 7.13 g/cm'. However, BGO has relatively lower light yield than Nal (Nal 
produces ~ 38,000 photon/MeV, while BGO have only ~ 8200 photon/MeV).
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Figure 2-8 Band structure of an inorganic scintillator.
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2.5.2. Organic scintillators
In organic scintillators like anthracene and stilbene the scintillation process is a 
function of a single molecular process and is independent of the physical state of the 
scintillator. Most of the organic scintillators are based on organic molecules with certain 
symmetry properties which give rise to Ti-electron levels as shown in Figure 2-8. The double
subscript levels (Soi, S0 2  Sn, S1 2 ..............) shows the vibrational states while single
subscript levels (So, Si, S2 ............. ) are electronic states. Electrons are excited into any one
of the excited states. Typical spacing of vibrational energies is about 0.1 eV, while the 
electronic excitation energies are off order of the a few eV (4 eV between So and Si).
Singlet Triplet
S3 S3
S2 S21
S20
S, Sn 
S10
c So
So
Absorpt Fit
'■'Inter-system
Crossing
Phosphc ICl ■V
Figure 2-9 Scintillation mechanism in organic crystals (Birks, 1964)
The excited higher singlet states de-excite to S 10 state by radiationless internal 
conversion in typical time of few picoseconds. The de-excitation from S 1 0 to any vibrational 
state of the Soo forms the fast scintillation light (prompt fluorescence). The intensity of this 
fluorescence follows an exponential law given by:
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/= /„ e x p  ( - f r )
Equation 2-25
Here T  is the intensity at time ct% I0 is the initial intensity and t  is the decay 
constant. Some excited S-states may be converted to triplet states (T). The lifetime of the 
triplet states is much longer typically in millisecond (ms) and the light emitted from these 
states is known as phosphorescence. The photon emitted through phosphorescence has a 
longer wavelength than the fluorescence photon. Sometimes an electron may thermally 
excite from Ti states to the Si state and subsequently decay through normal fluorescence. It 
is clear from Figure 2-9, that there is very small probability that the emitted photon has 
sufficient energy to excite the other electrons resulting a small overlap between absorption 
and emission spectra as shown in Figure 2-10:
 — Photon energy k t)
Figure 2-10 Optical absorption and emission spectra for jr-structure organic scintillator
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2.5.3. Properties of scintillators Detectors 
Light output
T h e  in te n s ity  o f  th e  lig h t o f  th e  p u lse  e m itte d  b y  a  sc in tilla to r  is  p ro p o rtio n a l to  th e  
en e rg y  o f  th e  a b so rb ed  ra d ia tio n . B u t a ll o f  th e  ra d ia tio n  en e rg y  is n o t  c o m p le te ly  c o n v e rte d  
in to  lig h t, an d  so m e  is  lo s t in  h e a t e tc . T h e  f ra c tio n  o f  in c id e n t e n e rg y  c o n v e rte d  to  lig h t is 
k n o w n  as th e  sc in tilla tio n  e ff ic ie n c y  a n d  d e p e n d s  o n  b o th  th e  p a r tic le  io n isa tio n  d e n s ity  as 
w e ll  as its  in itia l energy . T h e  u se  o f  sc in tilla tio n  m a te ria ls  w ith  a  h ig h  lig h t o u tp u t is  
p re fe rre d  fo r a lm o s t a ll a p p lica tio n . T h e  d e p e n d e n c e  o f  lig h t y ie ld  o n  th e  io n isa tio n  d e n s ity  
in  o rg an ic  sc in tilla to rs  is  sh o w n  in  F ig u re  2 -1 1 . T h e  re sp o n se  o f  th e  lig h t o u tp u t to  e lec tro n s  
is  lin e a r  fo r e n e rg y  > 1 2 5  k eV . T h e  re sp o n se  to  h e a v y  c h a rg ed  p a r tic le s  su ch  as p ro to n s  o r 
a lp h a  p a rtic le s  is  a lw ay s  less  fo r  th e  e q u iv a le n t e n e rg y  an d  is  n o n -lin e a r  a t lo w e r en e rg ies  
(i.e . 1 M eV ).
NE-102
Figure 2-11 The scintillation light yield for NE102 when excited by electrons and protons. The 
data re fitted from Equation 2-25 for one parameter and also for two parameters (Craun and 
Smith, 1970).
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T h e  re la tio n  th a t d e sc rib e d  th e  lig h t re sp o n se  o f  o rg an ic  sc in tilla to rs  is  k n o w n  as 
B i lk s ’ fo rm u la  (B irk s , 1964), w h ic h  a ssu m es a  re la tio n  b e tw e e n  dL/dx, th e  f lu o re scen t 
e n e rg y  em itted  p e r  u n it  p a th  len g th , a n d  dE/dx, th e  sp ec ific  e n e rg y  lo ss  fo r  th e  ch a rg ed  
p a rtic le , w h ic h  is g iv e n  by:
dE
dL dx
dx 1 + lcB—  
dx
Equation 2-26
W h e re  L is  th e  sc in tilla tio n  lig h t o u tp u t, S  is  th e  a b so lu te  e ff ic ie n cy  w ith o u t q u e n c h in g  an d  B 
is  th e  p ro p o rtio n a lity  c o n s ta n t re la te d  to  io n isa tio n  d e n s ity  an d  k  is th e  fra c tio n  o f  io n isa tio n  
d en sity , w h ic h  lead s to  q u en ch in g . T h e  p ro d u c t kB is  th e  a d ju s ta b le  p a ra m e te r  u se d  to  f it th e  
e x p e rim e n ta l d a ta  fo r a  sp ec if ic  sc in tilla to r  (H irsch b e rg , B e c k m a n n  e t al. 1992). In  th e  
ab sen ce  o f  q u e n c h in g  o r  w h e n  ex c ited  b y  fa s t e lec tro n s , dE/dx is  sm a ll fo r  su ffic ie n tly  la rg e  
v a lu e s  o f  E (e .g . IM e V  e le c tro n  h a v e  lo w  dE/dx, an d  h e n c e  th e  in d iv id u a l m o le c u la r  
e x c ita tio n  an d  io n iz a tio n  d e n s ity  a lo n g  th e  p a th  a re  sp aced  sev e ra l m o le c u la r  d is ta n c e  ap art, 
so  n o  q u e n c h in g  ex is t) , th e  a b o v e  e q u a tio n  ca n  b e  s im p lif ied  as,
dL
dx
Equation 2-27
O r th e  in c re m e n ta l lig h t o u tp u t p e r  u n it  en e rg y  lo ss  is  a  c o n s ta n t e x p re sse d  by:
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—  = 5  
dE e
Equation 2-28
In  th is  c a se  th e  lig h t o u tp u t is  l in e a r ly  re la te d  to  th e  in itia l p a r tic le  en e rg y  (.L=SE). 
F o r  h e a v ie r  p a r tic le s  (p ro to n , a lp h a ) an d  fo r  e le c tro n s  w ith  en e rg y  b e lo w  125 k eV , dE/dx is 
in c re a se d  c o m p a re d  w ith  th a t o f  fa s t e le c tro n s  an d  is  o b se rv e d  th a t th e  d iffe re n tia l 
sc in tilla tio n  e ff ic ie n cy  dL/dx is  re d u c e d  b e lo w  S  an d  th a t L in c re a se s  n o n - lin e a r ly  w ith  
en e rg ie s . In  a lp h a  p a r tic le s  fo r  ex a m p le , th e  la rg e  dE/dx v a lu e  cau ses  sa tu ra tio n  a lo n g  th e  
tra c k  a n d  Birlcs fo rm u la  b eco m es:
—  = A
dx a kB
Equation 2-29
U sin g  E q u a tio n  2 -2 7  an d  E q u a tio n  2 -2 9 , th e  a p p ro p ria te  v a lu e  o f  lcB c a n  b e  d e te rm in ed :
kB =
Equation 2-30
In  o rd e r  to  c lo se ly  re p re se n t e x p e rim e n ta l d a ta , an o th e r fo rm u la  o f  dL/dx h a s  b e e n  
s u g g e s te d  (C ra im  an d  S m ith , 1970), w h ic h  in tro d u c e d  an  ad d itio n a l p a ra m e te r, C  (o n ly  an  
em p iric a l f ittin g  p a ra m e te r  w ith o u t a n y  p h y s ic a l m ean in g ):
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, S —
dL _ __________ dx________
&  1 +  /cB — +  C ( — ) 2
r/x <7x
Equation 2-31
D u e  to  th e  d e p e n d e n c e  o f  th e  lig h t y ie ld  o f  an  o rg an ic  sc in tilla to r  o n  th e  p a r tic le  ty p e  
it  is  c o n v e n ie n t to  re p la c e  th e  a b so lu te  lig h t y ie ld  b y  a  te rm  ca lle d  MeV electron equivalent 
(MeVee). T h e  p a rtic le  e n e rg y  re q u ire d  to  g e n e ra te  1 MeVee o f  lig h t b y  d e f in itio n  is 1 M e V  
fo r  fa s t e lec tro n s  b u t i t  is  m o re  fo r  h e a v y  c h a rg e d  p a r tic le s  b e c a u se  o f  th e ir  re d u c e d  lig h t 
y ie ld s  p e r  u n it  en e rg y . T h e  d iffe re n c e  o f  th e  lig h t o u tp u t (e x p re sse d  in  e q u iv a le n t e le c tro n  
e n e rg y  d ep o s itio n ) fo r  a  ty p ic a l o rg an ic  s c in tilla to r  fro m  e lec tro n s  an d  p ro to n s  o f  th e  lig h t o f  
th e  sam e  e n e rg y  is  d e m o n s tra te d  in  F ig u re  2 -1 2 , w h e re  th e  e n e rg y  d e p e n d e n c e  o f  th e  lig h t 
o u tp u t is  b e s t  d e sc rib e d  as p ro p o rtio n a l to  0 .0 3 4 EP2+ 0.311EP-0.109 (L ee  an d  L ee , 1998). 
T h e  re sp o n se  o f  a  l iq u id  sc in tilla to r  d e te c to r  to  2 1 -1 0 0  M e V  n e u tro n s  c an  a lso  b e  fo u n d  in  
th e  w o rk  o f  (T h u n , B lo m g re n  e t al. 2 0 0 2 ). T h e  a lp h a -to -b e ta  ra tio  is  a  p a ra m e te r  c o m m o n ly  
u se d  to  d e sc rib e  th e  d iffe re n c e  o f  th e  lig h t o u tp u t fo r o rg an ic  sc in tilla to rs  fo r e lec tro n s  an d  
c h a rg e d  p a r tic le s  o f  th e  sa m e  en erg y . T h e  lig h t y ie ld  o f  e lec tro n s  is  a lw a y s  h ig h e r  th a n  th a t 
fo r c h a rg e d  p a rtic le  o f  th e  sa m e  e n e rg y  th e re fo re  th e  a lp h a -to -b e ta  ra tio  is  a lw ay s le ss  th a n  
one.
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E (MeV)P
Figure 2-12 The light output in equivalent electron energy deposition versus proton energy of a 
2 x 2  NE213 liquid scintillator. The gradient of the line gives the alpha-to-beta ratio (Lee and Lee, 
1998).
T im in g  p r o p e r t ie s
S c in tilla tio n  ligh t p u lse s  a re  u su a lly  ch a ra c te riz e d  b y  a  fast in c rea se  o f  in te n s ity  in 
tim e  fo llo w ed  b y  an  ex p o n e n tia l d ec rease . T h e  ligh t o u tp u t d u e  to  d e -e x c ita tio n  o f  a  
sc in tilla to r  is g iv en  b y  E q u a tio n  2 -2 5 , i f  p ro m p t flu o re scen ce  is th e  o n ly  p o ss ib le  d e c a y  
m o d e . T h e  tim e  re sp o n se  b e c o m e s  m o re  co m p lex  w h en  o th e r d e c a y  p ro c e sse s  a re  to  b e  
co n s id e red , and  is g iv en  by:
I = Ae-"T* -B e~ ,,TD
Equation 2-32
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W h e re  A an d  B a re  co n s ta n ts , tr is  th e  tim e  c o n s ta n t d e sc r ib in g  th e  p o p u la tio n  o f  th e  
o p tic a l lev e l, c a lle d  th e  ‘r ise  t im e ’ a n d  zp is  th e  d e c a y  tim e . M o s t sc in tilla to rs  are  
c h a ra c te r iz e d  b y  m o re  th a n  o n e  d e c a y  tim e  an d  u su a lly  th e  e ffe c tiv e  a v e rag e  d e c a y  tim e  is 
u sed . T h e  d e c a y  tim e  is  o f  im p o rta n c e  fo r  fa s t tim in g  ap p lica tio n s . T h e  fu ll w id th  h a l f  
m a x im u m  (F W H M ) o f  th e  lig h t p u lse  is  c o m m o n ly  u se d  to  d e sc rib e  th e  r ise  an d  d e c a y  tim e  
o f  th e  sc in tilla to r  re sp o n se . T h e  p ro p e r tie s  o f  so m e  c o m m o n ly  u se d  s c in tilla to r  m a te ria ls  are  
lis te d  in  T a b le  2 -4 .
Table 2-4 Properties of some common scintillators
T y p e D e n s ity  
(g  c m '3)
W a v e le n g th
(n m )
D e c a y  T im e  
(ns)
L ig h t o u tp u t 
(n o rm a lise d  to  N a l)
S tilb en e
(O rg an ic )
1 .16 3 8 4 3-8 0.20
N E  213 
(O rg an ic )
0 .8 7 425 3.7 0 .34
B C  5 0 1 A  
(O rg an ic )
0 .8 7 425 3 .2 0 .78
N a l  (T I) 
( In o rg an ic )
3 .6 7 4 1 0 250 1.00
C s l (T I) 
(In o rg an ic )
4 .51 565 1000 0 .49
B G O
(In o rg an ic )
7 .13 48 0 300 0.10
Pulse shape discrimination
T h e  av e ra g e  d e c a y  tim e  o f  th e  m o s t  sc in tilla to rs  is  th e  su m  o f  tw o  c o m p o n e n ts ; th e  
fa s t an d  s lo w  d e c a y  tim e . T h is  tw o  c o m p o n e n t p h e n o m e n a  is d u e  to  th e  p ro m p t an d  d e lay ed  
n a tu re  o f  th e  lig h t e m iss io n , d e p e n d in g  o n  w h ic h  s ta te  it  d ecay s  th ro u g h . M o s t o f  th e  
o b se rv e d  sc in tilla tio n  lig h t fro m  o rg a n ic s  sc in tilla to rs  g iv e n  b y  E q u a tio n  2 -3 2  is d u e  to  
p ro m p t flu o re sc e n c e  (fa s t co m p o n e n t) . T h e  fra c tio n  o f  th e  lig h t th a t ap p ears  in  th e  d e la y  
f lu o re sc e n c e  (s lo w  co m p o n e n t)  d e p e n d s  u p o n  th e  n a tu re  o f  th e  e x c itin g  p a r tic le  (ra te  o f  
e n e rg y  lo ss  dE/dx o f  e x c itin g  p a r tic le )  an d  is  g re a te s t fo r  p a r tic le s  w ith  la rg e  dE/dx. F o r 
e x am p le , F ig u re  2 -13  sh o w s th e  d iffe re n c e  in  p u lse  sh ap e  b e tw e e n  a lp h a  p a r tic le s  an d
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e le c tro n s  d e te c te d  b y  s tilb e n e  c ry s ta l. In  su c h  sc in tilla to rs , th e  d if fe re n c e  re sp o n se  tim e s  a re  
u se fu l to  d iffe re n tia te  b e tw e e n  p a r tic le s  o f  d iffe re n t k in d s  th a t d e p o s it th e  sam e  en e rg y  in  th e  
d e tec to r. In  p a rtic u la r , liq u id  sc in tilla to rs  a re  fa v o u re d  fo r  p u lse  sh a p e  d isc rim in a tio n  
b e c a u se  o f  la rg e  d iffe re n c es  in  th e  s lo w  c o m p o n e n t in d u ced  b y  d iffe re n t rad ia tio n s . T h e se  
fea tu re s  a re  in v e s tig a te d  in  th is  s tu d y  to  a c h ie v e  d ig ita l p u lse  sh ap e  d isc r im in a tio n  b e tw e e n  
n e u tro n s  a n d  g a m m a  ra y s  u s in g  la rg e  v o lu m e  liq u id  sc in tilla to r.
Time (ns)
Figure 2-13 The time dependence of scintillation in stilbene when excited by radiation of 
different type (Bollinger and Thomas 1961).
2.6. Photomultiplier tube
T h e  s tan d a rd  w a y  to  d e te c t th e  sc in tilla tio n  lig h t is  to  c o u p le  a  sc in tilla to r  to  a  p h o to  
m u ltip lie r  tu b e  (P M T ). P M T  c o n v e rts  a  w e a k  sc in tilla tio n  lig h t p u lse  to  a  c o rre sp o n d in g  
e le c tr ic a l s ig n a l. T h e  s im p lif ie d  d ia g ra m  o f  a  ty p ic a l P M T  is illu s tra te d  in  F ig u re  2 -1 4 . T h e re  
a re  tw o  m a jo r  c o m p o n e n ts  o f  th e  P M T ; th e  p h o to c a th o d e  (p h o to se n s itiv e  lay e r) w h ic h  is 
c o n n e c te d  to  an  e le c tro n  m u ltip lie r  s tru c tu re .
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T h e  p u rp o se  o f  th e  p h o to c a th o d e  is to  ab so rb  th e  p h o to n s  a n d  em it th e  s e c o n d a ry  
e lec tro n s  (p h o to e le c tro n s) . T h e  p h o to c a th o d e  h a s  to  b e  e n o u g h  th ic k  to  ab so rb  th e  lig h t 
p h o to n s  b u t  n o t to o  th ic k  so  as to  ab so rb  th e  p h o to e lec tro n .
T h e  se n s itiv ity  o f  th e  p h o to m u ltip lie r  tu b e , n a m e ly  th e  q u a n tu m  e ffic ie n cy  (Q .E ), is 
d e f in e d  (K n o ll, 2 0 0 0 ) as:
number o f emitted photoelectrons(J.h. = ------------------------------------------------------
number o f incident light photons
T h e  m a x im u m  q u a n tu m  e ff ic ie n cy  o f  a  ty p ic a l P M T  is  o f  th e  o rd e r  o f  2 0 -3 0 % . T h e  
Q .E . o f  a n y  p h o to c a th o d e  is  a  s tro n g  fu n c tio n  o f  w a v e le n g th  as sh o w n  in  F ig u re  4 -4 . A t lo n g  
w a v e le n g th s  th e  q u a n tu m  e ff ic ie n c y  is  lim ite d  b y  th e  lo w  e n e rg y  p h o to e le c tro n , w h ic h  h a s  
in su ffic ie n t e n e rg y  to  e scap e  fro m  th e  p h o to c a th o d e . O n  th e  o th e r  s id e  a t sh o rt w a v e le n g th s
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th e  Q .E  is n o t o n ly  fu n c tio n  o f  w a v e le n g th  b u t  a lso  d e p e n d s  u p o n  th e  w in d o w  m ate ria l. 
T h e re fo re  th e  P M T  w ith  a  g la ss  w in d o w  w ill  ab so rb  th e  in c id e n t sc in tilla tio n  lig h t o f  
w a v e le n g th  o f  3 5 0 n m . T h e  c u to f f  c a n  b e  ex te n d e d  d o w n  to  160 n m  b y  u s in g  a  q u a rtz  o r 
fu se d  s ilic a  w in d o w .
T h e  ch a rg e  m u ltip lic a tio n  p a r t  o f  a  P M T  is b a se d  o n  th e  p h e n o m e n o n  o f  se c o n d a ry  
e le c tro n  em iss io n . T h is  se c o n d a ry  e m iss io n  is a  s tro n g  fu n c tio n  o f  th e  in c id e n t e le c tro n  
en erg y . A t lo w  en e rg ie s  m o s t o f  th e  in te ra c tio n s  w ill b e  a t th e  su rfa c e  o f  th e  d y n o d e  an d  
m a n y  o f  e lec tro n s  w ill n o t  h a v e  e n o u g h  e n e rg y  to  escape . B u t a t h ig h e r  e n e rg y  th e  se c o n d a ry  
e lec tro n s  w ill  h a v e  en o u g h  e n e rg y  to  re a c h  th e  su rface . T h e re fo re  th e  e le c tro n  m u ltip lic a tio n  
fa c to r  3 fo r  a  d y n o d e  is  g iv e n  b y
^  _ number o f  sec  ondary electrons emitted 
number o f incident electrons
T h e  ty p ic a l v a lu es  o f  8 a re  in  th e  ra n g e  o f  4 -5  p e r  stage . B u t th e  o v e ra ll g a in  d e p e n d s  u p o n  
th e  m u ltip le  s tag es  in s id e  th e  P M  tu b e , a n d  is  g iv e n  by:
gain =  a 5 N
W h e re  a  is c o lle c tio n  e ff ic ie n c y  o f  th e  p h o to e le c tro n s  an d  N  is th e  n u m b e r  o f  
d y n o d es. T h e  id ea l g a in  fo r  a  1 0 -stag e  tu b e  is  5 10 o r  107 a lth o u g h  th e  ac tu a l m u ltip lic a tio n  
g a in  is  se n s itiv e  to  th e  a p p lie d  v o lta g e . I f  th e  g a in  is lin e a r  w ith  re sp e c t to  th e  ap p lied  tu b e  
v o lta g e  th e  g a in  w ill th e n  v a ry  as V 10. D u e  to  sp ace  ch a rg e  e ffec ts  th e  d e p e n d e n c e  is m o re  
lik e  V 6-V 9. T h e  e x a c t v a lu e  o f  th e  m u ltip lic a tio n  fac to rs  d e p e n d s  o n  th e  p h o to e le c tro n s  
s ta tis tic s . T h e  a m p litu d e  o f  th e  re su ltin g  e le c tro n ic  p u lse  is p ro p o rtio n a l to  th e  e n e rg y  
tra n sfe rre d  fro m  th e  in c id e n t p h o to n  to  th e  b o u n d  e lec tro n s. H e n c e  fo r a  sp ec ific  e n e rg y  
p u lse s  o f  v a rio u s  o u tp u ts  a re  p ro d u c e d . H o w e v e r  in  each  c a se  th e  m u ltip lic a tio n  p ro c e ss  is 
th e  sam e  and  th e  r ise tim e  o f  th e  o u tp u t p u lse s  re m a in s  th e  sam e.
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S in ce  th e  p h o to  m u ltip lie r  tu b e  co lle c ts  th e  sc in tilla tio n  lig h t, th e  tim e  re sp o n se  o f  th e  
P M  tu b e  is v e ry  im p o rta n t in  se le c tio n  p ro cess . T h e  tra n s it t im e  o f  th e  P M T  is th e  tim e  
re q u ire d  fo r  th e  p h o to  e lec tro n s  e m itte d  a t th e  p h o to c a th o d e  to  re a c h  th e  anode . T h is  is 
m a in ly  a ffec ted  b y  th e  tra je c to r ie s  o f  e lec tro n s  a lo n g  th e  P M T . h i  P M T s  o f  v a rio u s  d es ig n s , 
th e  e le c tro n  tra n s it t im e  ra n g e s  fro m  2 0 -8 0  n s  (e lec tro n  tu b e). S in ce  th e  tra n s it tim e  o f  
e lec tro n s  h as  m a n y  f lu c tu a tio n s  d u e  to  h a v in g  d iffe ren t p a th s , th is  is  c a lle d  sp read  in  tra n s it 
tim e  an d  is  re p re se n te d  b y  th e  F W H M  o f  th e  t im e  p u lse  as sh o w n  in  F ig u re  2-15 .
Time
Average 
Transit time
Figure 2-15 The response of a PMT to a short pulse of light on the photocathode (Knoll, 2000)
F o r fa s t sc in tilla tio n  s ig n a l m e a su re m e n ts  th e  P M T  m u s t h a v e  a  sm a ll e le c tro n  tra n s it 
tim e  sp read  an d  v e ry  little  d e p e n d e n c e  o f  tra n s it tim e  o n  th e  p o s it io n  o f  th e  p h o to e le c tro n  o n  
th e  c a th o d e  su rface . T h e  a m o u n t o f  tra n s it t im e  sp read  in v e rse ly  d e p e n d s  u p o n  th e  n u m b e r  o f  
p h o to e le c tro n s  in  a  p u lse  (K n o ll, 2 0 0 0 ).
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2.7. Summary
T h e  s tu d y  o f  n u c le a r  ra d ia tio n  d e te c tio n  re q u ire s  an  u n d e rs ta n d in g  o f  in te ra c tio n  o f  
ra d ia tio n  w ith  m a tte r . T h e  b a s ic  th e o ry  o f  ra d ia tio n s  in te ra c tio n  an d  th e  re sp o n se  o f  o rg an ic  
s c in tilla tio n  m a te ria ls  to  d if fe re n t ra d ia tio n s  a re  d isc u sse d  in  th is  ch ap te r. T h e  o rg a n ic  
sc in tilla to rs  are  v a lu e d  fo r  fa s t n e u tro n  d e te c tio n  b e c a u se  o f  th e ir  fa s t tim in g , h ig h  e ffic ien cy , 
an d  e ffec tiv e  re je c tio n  o f  g a m m a  ra y  in te rac tio n . P u lse  sh ap es  p ro d u c e d  fro m  liq u id  
sc in tilla to rs  h a v e  e x tre m e ly  fa s t d e c a y  tim e s , ty p ic a lly  less  th a n  10 n s  fo r  e lec tro n s  (g a m m a  
ra y  in te ra c tio n s) an d  5 0 -1 0 0  n s  fo r  p ro to n s  (n e u tro n  sca tte r  in te ra c tio n s) . T h ese  fea tu re s  o f  
o rg a n ic  sc in tilla tio n  d e te c to rs  c an  b e  in v e s tig a te d  to  ex p lo re  th e  d ig ita l p u lse  sh ap e  an a ly s is  
fo r n e u tro n s  an d  g a m m a  ra y s  d isc rim in a tio n .
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3 .  N e u t r o n  D e t e c t i o n  u s i n g  S c i n t i l l a t o r s
N e u tro n s  a re  u n c h a rg e d  p a r tic le s  w ith  a  s lig h tly  g re a te r  m a ss  th a n  a  p ro to n . B e c a u se  
th e y  h a v e  n o  ch a rg e  th e y  c a n n o t d ire c tly  p ro d u c e  io n iz a tio n  an d  th e re fo re  c a n n o t b e  d ire c tly  
d e tec ted . N e u tro n  d e te c to rs  m u s t th e re fo re  re ly  u p o n  th e  c o n v e rs io n  o f  th e se  u n c h a rg e d  
p a r tic le s  to  se c o n d a ry  c h a rg e d  p a rtic le s . S in c e  th e  ab so rp tio n  c ro ss  se c tio n  fo r  n e u tro n s  is 
e n e rg y  d e p en d en t so th e se  p a r tic le s  a re  c a te g o riz e d  v ia  th e ir  k in e tic  e n e rg y  in to  th e rm a l, o r  
s lo w , an d  fa s t n e u tro n s . T h e re fo re  in  th is  c h a p te r  th e  d e te c tio n  o f  n e u tro n s  h as  b e e n  sp lit  in to  
tw o  m a jo r  te c h n iq u e s  s lo w  an d  fa s t n e u tro n  d e tec tio n .
3.1. Thermal neutron detection
S lo w  n e u tro n  d e te c tio n  re lie s  u p o n  th e  u se  o f  a  n u c le a r  re a c tio n , su ch  as (n , a ) ,  (n , p ) 
o r  n e u tro n  in d u c e d  f is s io n  re a c tio n s . T h e  Q -v a lu e  o f  th e  re a c tio n  is th e n  sh a red  b e tw e e n  th e  
d a u g h te r  p ro d u c ts , w h ic h  a re  th e n  e a s ily  d e tec ted . T h e re fo re  th e  fo llo w in g  fac to rs  are  
im p o rta n t w h e n  c o n s id e r in g  s lo w  n e u tro n  reac tio n s :
1) T h e  c ro ss  se c tio n  fo r  th e  re a c tio n  m u s t  b e  la rg e  so  th a t a  h ig h  e ffic ie n cy  d e te c to r  o f  
re a so n a b le  d im e n s io n s  ca n  b e  b u ilt.
2 ) F o r  so m e  re a c tio n s  a  g a m m a  ra y  m a y  b e  p ro d u c e d  b y  th e  re a c tio n , w h ic h  ac t as a  
so u rce  o f  b a c k g ro u n d  signa l.
3) T h e  h ig h e r  th e  Q -v a lu e , g re a te r  th e  e n e rg y  w h ic h  is g iv e n  to  th e  re a c tio n  p ro d u c ts  
an d  th e  e a s ie r  it  is  to  o b ta in  P S D  u s in g  s im p le  am p litu d e  d isc rim in a tio n .
T h e  m o s t c o m m o n  re a c tio n s  fo r  s lo w  n e u tro n  d e te c tio n  are  lis te d  b e lo w :
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10£ + 1 [iLi+^ot Q -2 .1 92MeV(groundstate)
5 +°H \ l L i + * a  Q =  2 .31 OMeV(excitedstate)
A n d
lLi+ln-*\H +A2a  
(H e+ ^n^H + lH  Q =  0 .7 6 4 M e F
T h e  b o ro n -b a se d  re a c tio n  h as  h ig h e r  re a c tio n  c ro ss -se c tio n  (3 8 4 0  b a m s)  c o m p a re d  to 
th e  lith iu m -b a se d  re a c tio n  (9 4 0  b a rn s) . T h is  re a c tio n  h as  b e e n  w id e ly  u se d  in  B F 3  tu b e  and  
b o ro n -lin e d  p ro p o rtio n a l co u n te rs . H o w e v e r , th e re  are  so m e  d isa d v a n ta g e s  o f  th e se  g as  filled  
co u n te rs , su c h  as th e  lo n g  r ise  t im e  ( ty p ic a lly  as m u c h  as 3-5  p s )  an d  lo w  d e te c tio n  
e ff ic ie n c y  fo r  a v e rag e  s iz e  tu b e . A lso  c o m m o n  are  s lo w  n e u tro n  d e te c to rs  in  th e  fo rm  o f  
sc in tilla to rs  in  w h ic h  e ith e r  b o ro n  01* lith iu m  is  ad d ed  as c o n s titu e n t o f  th e  sc in tilla to r  
m a te ria l. E x a m p le s  o f  lo a d e d  sc in tilla to rs  u se d  fo r  s lo w  n e u tro n  d e te c tio n  in c lu d es  L il  (E u ), 
B C -5 2 7  liq u id  sc in tilla to r  w ith  re la tiv e ly  lo w  6L i co n cen tra tio n , B C -4 5 4  p la s tic  sc in tilla to rs  
an d  B C -5 2 3 A  liq u id  sc in tilla to r  (B ic ro n ) w ith  P S D  cap ab ility . T h e  d ra w b a c k  o f  b o ro n -  
lo a d e d  p la s tic  sc in tilla to r  is  its  le ss  e ffe c tiv e  g a m m a  ra y  b a c k g ro u n d  d isc r im in a tio n  th a n  B F 3  
d u e  to  th e  h ig h e r  g a m m a  r a y  d e te c tio n  e ff ic ie n cy  o f  th e  p la s tic  c o m p a re d  to  th e  gas. 
T h e re fo re  th e  b o ro n  lo a d e d  liq u id  sc in tilla to rs  a re  o fte n  p re fe rre d  in  c o n ju n c tio n  w ith  p u lse  
sh ap e  d isc r im in a tio n  te c h n iq u e s  to  se p a ra te  n e u tro n s  an d  g a m m a  ray s.
T h e  Q-value o f  6L i(n , a )  re a c tio n  is la rg e  (Q = 4 .7 8  M e V ), p ro v id in g  en e rg e tic  
re a c tio n  p ro d u c ts . A n  a d v a n ta g e  o f  th is  re a c tio n  is th a t i t  c o m p le te ly  p o p u la te s  th e  g ro u n d  
s ta te  o f  th e  d a u g h te r  n u c le u s , an d  th e  re a c tio n  p ro d u c ts  w ill re c e iv e  th e  sam e  e n e rg y  fo r  a ll 
n e u tro n  ev en ts . T h is  fo rm s  an  ad v a n ta g e  fo r  th e rm a l n e u tro n  d e te c tio n  b e c a u se  th e  p u lse  
h e ig h t d is tr ib u tio n  w ill h a v e  a  s in g le  p eak . A  6L i-lo ad ed  liq u id  sc in tilla to r  to  0 .1 5 %  
c o n c e n tra tio n  is  a v a ilab le  c o m m e rc ia lly  (B o u b k e r, e t a l., 1989) fo r  u se  as a  th e rm a l n e u tro n  
d e tec to r. It o ffe rs  p u lse  sh a p e  d isc r im in a tio n  a g a in s t g a m m a  ray s . H o w ev e r, 6L i(n , a )  
re a c tio n  h as  a  lo w e r c ro ss  se c tio n  fo r  th e rm a l n e u tro n  (9 4 0  b a m s )  c o m p a re d  to  10B (n , a )  
re a c tio n  (3 8 4 0  b a m s) . T h e  3H e (n , p )  re a c tio n  h a s  re la tiv e ly  h ig h e r  th e rm a l n e u tro n  c ro ss- 
se c tio n  th a n  10B (n , a )  re a c tio n , b u t  it  u n fa v o u ra b le  b ecau se  3H e  is a  gas an d  h a s  a  h ig h  cost.
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3.2. Fast neutron detection
A  n e u tro n  w h o se  k in e tic  e n e rg y  is a b o v e  a b o u t Ik e V  is  c la s s if ie d  a  fa s t n e u tro n . T h e  
n e u tro n -in d u c e d  re a c tio n s  c o m m o n ly  e m p lo y e d  fo r d e te c tin g  s lo w  n e u tro n s  h a v e  lo w  
p ro b a b ility  o f  o c c u rre n ce  o n ce  th e  n e u tro n  e n e rg y  is h ig h . D e te c to rs  th a t a re  b a se d  o n  th e se  
re a c tio n s  m a y  b e  q u ite  e ff ic ie n t fo r  s lo w  n e u tro n s , b u t  th e y  a re  in e ff ic ie n t fo r  d e te c tin g  fa s t 
n eu tro n s . O n e  w a y  to  d e te c t fa s t n e u tro n s  (B ro o k s  and  K le in  2 0 0 2 ) is  to  firs t m o d e ra te  th e  
n e u tro n  to  th e rm a l e n e rg ie s  a n d  th e n  d e te c ts  i t  a s  a  th e rm a l n eu tro n . B u t th is  a p p ro a c h  h as  
lim ita tio n s  s in ce  th is  e lim in a te s  a ll th e  o rig in a l e n e rg y  in fo rm a tio n  an d  it is a lso  a  s lo w  
d e te c tio n  p ro c e ss  d u e  to  th e  m o d e ra tio n  tim e  o f  sev e ra l h u n d re d s  o f  m ic ro se c o n d . H o w e v e r, 
th is  lim ita tio n  d o es n o t e x is t i f  fa s t n e u tro n s  a re  u se d  to  in d u c e  a  re a c tio n  w ith o u t th e  
m o d e ra tio n  step . T h e  re a c tio n  p ro d u c ts  w ill  th e n  h a v e  an  o v e ra ll k in e tic  e n e rg y  eq u a l to  th e  
in c o m in g  n e u tro n  k in e tic  e n e rg y  p lu s  th e  Q -v a lu e  o f  th e  reac tio n . T h u s , th e  n e u tro n  en e rg y  
is s im p ly  fo u n d  (ap p ro x im a te ly )  b y  su b tra c tin g  th e  Q -v a lu e  fro m  th e  o v e ra ll k in e tic  en erg y . 
O n  th e  o th e r  h an d , th e  d e te c tio n  p ro c e ss  is v e ry  fa s t b e c a u se  th e  n e u tro n  sp en d s  n o  m o re  
th a n  few  n a n o se c o n d s  in  th e  d e tec to r, a n d  a  s in g le  re a c tio n  is  n e e d e d  to  p ro v id e  a  sig n a l. 
H o w e v e r  fa s t n e u tro n -in d u c e d  re a c tio n s  h a v e  v e ry  sm a ll c ro ss  se c tio n  as sh o w n  in  F ig u re
2-6.
T h e  p re fe rre d  c o n v e rs io n  re a c tio n  fo r  th e  d ire c t d e te c tio n  o f  fa s t n eu tro n s  ten d s  to  b e  
th e  e la s tic  sc a tte rin g  in te rac tio n . T h e  re su ltin g  re c o il n u c le i c an  ab so rb  a  s ig n if ic a n t frac tio n  
o f  th e  in c id e n t n e u tro n  e n e rg y  in  a  s in g le  sc a tte rin g  an d  th e n  d e p o s it th a t en e rg y  in  a  m a n n e r  
s im ila r  to  th a t o f  a n y  o th e r  c h a rg e d  p a rtic le . T h e  sca tte red  n e u tro n , n o w  w ith  a  lo w e r en e rg y , 
m a y  e ith e r  e sc a p e  fro m  th e  d e te c to r  o r  p o s s ib ly  in te ra c t a g a in  e lse w h e re  in  its  v o lu m e . T h e  
m o s t c o m m o n  sc a tte rin g  ta rg e t is h y d ro g e n , an d  a  fa s t n e u tro n  c a n  tra n s fe r  u p  to  a ll its  
en e rg y  in  a  s in g le  c o llis io n  w ith  a  h y d ro g e n  n u c le u s . T h e re fo re , it is  p o ss ib le  to  d e te c t fa s t 
n e u tro n s  in  th e  p re se n c e  o f  g a m m a  ra y  a n d  o th e r  lo w -e n e rg y  b a c k g ro u n d , b u t  d isc rim in a tio n  
is  n o t e a sy  b e lo w  a  fe w  h u n d re d  k eV . B e c a u se  o rg an ic  sc in tilla to rs  are  c o m p o se d  o f  
h y d ro g e n  an d  c a rb o n , th e y  a re  p a r tic u la r ly  se n s itiv e  to  fa s t n e u tro n s  e.g . B C -5 0 1 A  a n d  B C - 
523 liq u id  sc in tilla to r  w ith  h ig h  lig h t o u tp u t an d  w h ic h  a lso  h a s  P S D  c ap ab ility . S o m e  
p ro p e rtie s  o f  sc in tilla to rs  u se fu l fo r  n e u tro n  d e te c tio n  are  lis te d  in  T a b le  3 -1 .
T h e  am o u n t o f  en e rg y  tra n s fe rre d  to  th e  re c o il n u c le u s  v a rie s  w ith  th e  sc a tte rin g  a n g le  (see  
se c tio n  2 .4 ), w h ic h  in  h y d ro g e n  co v e rs  a  c o n tin u u m  fro m  ze ro  (c o rre sp o n d in g  to  g raz in g - 
an g le  sca tte rin g ) u p  to  th e  fu ll n e u tro n  en e rg y  (co rre sp o n d in g  to  a  h e a d -o n  co llis io n ). T h u s,
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w h e n  m o n o e n e rg e tic  fa s t n e u tro n s  s tr ik e  a  m a te r ia l c o n ta in in g  h y d ro g e n , a  sp e c tru m  o f  
re c o il p ro to n s  is  p ro d u c e d  th a t ra n g e s  in  e n e rg y  b e tw e e n  th e se  lim its , as sh o w n  in  F ig u re
3-1 (a). H o w e v e r, th e  n o n lin e a r  re sp o n se  o f  o rg a n ic  sc in tilla to rs  d is to rts  th is  id ea l re c ta n g u la r  
sh ap e  d is tr ib u tio n  in to  th e  sh a p e  sk e tc h e d  in  F ig u re  3-1 (b). F o r  fa s t n e u tro n s  u p  to  ~  5 M eV , 
th e  lig h t o u tp u t H  in  m a n y  o rg a n ic  sc in tilla to rs  is a p p ro x im a te ly  p ro p o rtio n a l to  Es/2 (M a ie r  
an d  N itsc h k e , 1968) an d  is e x p re sse d  by:
H  = kE3/2
Equation 3-1
W h e re  k is  th e  p ro p o r tio n a lity  co n stan t. T h e re fo re , th e  d is to r te d  p u lse  h e ig h t 
d is tr ib u tio n  e x p e c te d  fro m  a n  o rg an ic  sc in tilla to r  d e te c to r  b a se d  o n  p ro to n  re c o ils  c an  b e  
g iv e n  b y  a p p ro x im a te  re la tio n :
clN _ dN/dE  _  constant 1/3
~dH~~dHldE ~ 3/2  ~ ‘
Equation 3-2
W h e re  k  is  a  p ro p o rtio n a lity  c o n s ta n t too .
(a)
(b)
d N /d E d N /d H
E
Figure 3-1 The ideal response function, a rectangular proton recoil spectrum (a), where dN/dE is 
constant. Also shown the distorted rectangular shape (b) due to non-linear response of organic 
scintillator.
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Table 3-1 Properties of some organic scintillators used for neutron detections
T y p e D e n s ity
(g /c m 3)
H /C *
ra tio
L ig h t
o u tp u t
(% )
L o ad in g  
e lem en t 
%  b y  w t.
D e c a y
co n s ta n t
(ns)
E m iss io n
w a v e le n g th
(nm )
N E 1 0 2 A
P la s tic
1 .032 1 .104 65 - 2 .4 423
B C 4 5 4
P la s tic
1 .026 1.169 48 ioB
1 %
2.2 425
B C 5 0 1 A
L iq u id
0 .875 1.212 78 - 3 .2 425
B C 5 2 3
L iq u id
0 .9 1 6 1.67 65 lOg
1 %
3.7 4 2 4
B C 5 2 3 A
L iq u id
0 .9 1 6 1.67 65 1UB
5 %
3.7 4 2 4
A n th ra c e n e
C ry sta l
1.25 0 .715 100 - 30 4 4 7
* H y d ro g e n  to  C a rb o n  ra tio
T h e  fiill in fo rm a tio n  a b o u t th e  in c id e n t n e u tro n  e n e rg y  c a n  o n ly  b e  m e a su re d  i f  th e  
n e u tro n  d e p o s its  a ll o f  its  e n e rg y  in s id e  th e  d e te c to r  w ith o u t e sc a p in g  fro m  th e  d e te c to r  
m a te ria l. H o w e v e r , fo r  ty p ic a l s ize s  o f  s c in tilla tio n  d e tec to rs  fa s t n e u tro n s  d e p o s it o n ly  p a r t  
o f  th e ir  e n e rg y  as th e y  u n d e rg o  e la s tic  sc a tte rin g  an d  th e n  e scap e  as sh o w n  in  F ig u re  3 -2 . 
S o m e  d e te c to rs  b a se d  o n  th e  m o d e ra tio n  o f  n e u tro n s  fo llo w e d  b y  c a p tu re  o f  n e u tro n s  w ith in  
th e  d e te c to r h a v e  b e e n  d e v e lo p e d  (F e ld m an , 1991). L iq u id  o rg a n ic  sc in tilla to r  lo a d e d  w ith  
10B  o r  6L i h a v e  b e e n  u se d  to  c o m p le te ly  c a p tu re  th e  n e u tro n  a fte r  m o d e ra tio n . T h e  c a p tu re  o f  
th e  m o d e ra te d  n e u tro n  p ro d u c e s  c h a rg e d  p a r tic le s  (fro m  e ith e r 6L i o r  10B  re a c tio n s) th a t can  
e a s ily  b e  d e tec ted . T h e  p u lse s  fro m  su c h  d e tec to rs  h a v e  a  c h a ra c te r is tic  d o u b le  p u lse  
s ig n a tu re ; w ith  th e  f irs t p u lse  d u e  to  th e  m o d e ra te d  n e u tro n  a n d  th e  d e la y  seco n d  p u lse  p e a k  
d u e  to  th e  th e rm a l c a p tu re  re a c tio n . S u c h  d e tec to rs  h a v e  b e e n  c a lle d  ‘c a p tu re -g a te d  
sp e c tro m e te rs ’.
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o  Recoil protons
slowing down 
( « l  microsecond)
Figure 3-2 Principle o f the capture-gated neutron spectrom eter using a plastic scintillator loaded with  
10B (Knoll, 2000).
3.3. Neutron time-of-flight spectroscopy
T h e  d e te rm in a tio n  o f  n e u tro n  e n e rg y  b y  th e  t im e -o f-f lig h t m e th o d  is  o n e  o f  th e  m o s t 
d ire c t m e th o d s  fo r  n e u tro n  sp e c tro sc o p y . T h e  tim e -o f-f lig h t T  is  re la te d  to  th e  n e u tro n  
e n e rg y  E  an d  th e  f lig h t d is ta n c e  L b y  th e  fo llo w in g  s im p le  re la tio n :
n  1 M  e2 L2
Equation 3-3
W h ere , Mnc2 is  th e  n e u tro n  re s t  m a ss  (in  M e V ) an d  c is th e  sp eed  o f  lig h t.
U n le ss  th e  n e u tro n  so u rc e  is p u lse d , in  o rd e r  to  m e a su re  th e  tim e -o f-f lig h t, d e tec to rs  
a re  re q u ire d  to  re g is te r  b o th  th e  s ta rt an d  te rm in a tio n  o f  th e  n e u tro n  f lig h t. T w o  m e th o d s  a re  
u se d  to  do th is . In  th e  firs t m e th o d  th e  n e u tro n  is  sca tte red  in  a  s ta rt d e te c to r , fo r  e x a m p le  an  
o rg an ic  sc in tilla to r , an d  th e  t im e  o f  f lig h t to  a  se c o n d  d e te c to r  a t a  k n o w n  d is ta n c e  an d  an g le  
is m e a su re d  (E lev an t, 2 0 0 2 ). In  th e  se c o n d  m e th o d  th e  s ta rt s ig n a l is  p ro v id e d  b y  an
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a sso c ia te d  p a r tic le  o r  q u a n tu m  th a t is  e m itte d  fro m  th e  n e u tro n  so u rc e  a t th e  sam e  tim e  as th e  
n e u tro n  (C o lo n n a  an d  T a g lie n te , 1998).
A s  a p p lie d  to  fa s t n e u tro n s  th e  a c c u ra c y  o f  th e  tim e -o f-f lig h t is  in  so m e  cases  a lre a d y  
g re a te r  th a n  th a t w h ic h  ca n  b e  a c h ie v e d  b y  o th e r  m e th o d s . It is  a lso  fo u n d  to  h a v e  a  w id e r  
a p p lic a tio n  th a n  th e  o th e r  m e th o d . T h is  m e th o d  co n tin u e s  to  re c e iv e  in te n s iv e  d ev e lo p m e n t 
an d  re p re se n t o n e  o f  th e  m o s t p ro m is in g  m e th o d s  o f  fa s t-n e u tro n  sp ec tro sco p y . H o w e v e r , in  
o rd e r  to  ach ie v e  g o o d  re su lts  w ith  th e  tim e -o f-f lig h t m e th o d , i t  is  n e c e s sa ry  to  h a v e  a  
d e te c tio n  sy s tem  w ith  a  g o o d  in tr in s ic  t im in g  re so lu tio n . D iffe re n t c o n v e n tio n a l an a lo g  tim e  
p ic k -o f f  m e th o d s  an d  th e ir  m a in  lim ita tio n s  a re  d isc u sse d  in  d e ta il in  se c tio n  3.5 . O n e  o f  th e  
m a in  o b je c tiv e s  o f  th is  s tu d y  is  to  ex p lo re  a  so ftw a re  a p p ro a c h  fo r  im p ro v in g  tim in g  
re so lu tio n . T h e  im p le m e n ta tio n  o f  su c h  so ftw a re  b a se d  tim in g  a lg o rith m s  is s im p le  an d  th a t 
c an  b e  u se d  in  v a rio u s  n e u tro n  e x p e rim e n ts  in  th e  tim e -o f-f lig h t (T O F ) m o d e  o v e r  a  w id e  
n e u tro n  e n e rg y  ran g e . T h e  d e ta il o f  d e v e lo p e d  d ig ita l tim in g  a lg o rith m s  is  d isc u sse d  in  3 .6 .
3.4. Pulse processing
3.4.1. Analog pulse processing
T h e  c u rre n t p u lse s  p ro d u c e d  b y  th e  d e te c to r  a re  ty p ic a lly  o n ly  a  few  p ic o a m p s  in  
am p litu d e  an d  th e  v o lta g e  p u lse  p ro d u c e  ac ro ss  a  re s is to r /c a p a c ito r  is  c o rre sp o n d in g ly  v e ry  
sm all. T h e y  re q u ire  a m p lif ic a tio n  b e fo re  th e y  c a n  b e  sh a p e d  a n d  p ro c e s se d  b y  th e  d e te c to r  
e lec tro n ic s . F ig u re  3-3  sh o w s a  ty p ic a l se t o f  ap p a ra tu s  u se d  in  ra d ia tio n  d e tec tio n . T h e  
d e te c to r  o u tp u t is  co n n e c te d  to  a  P M T  p re a m p lif ie r  th a t am p lif ie s  th e  s ig n a l to  few  
m illiv o lts . T h e  m e a su rin g  c irc u it o f  th e  p re a m p lif ie r  h a s  th e  sc h e m a tic  fo rm  in d ic a te d  in  
F ig u re  3 -5 . T h e  b a s ic  s ig n a l is  th e  v o lta g e  ac ro ss  th e  lo ad  r e s i s t a n c e ^ )  a n d  th e  c a p a c itan c e  
(C ). T h e  tim e  co n s ta n t o f  th e  c ircu it, w h ic h  d e te rm in e s  th e  m o d e  o f  o p e ra tio n  is  th e n  s im p ly  
RC. T h e re  a re  tw o  m o d e s  o f  d e te c to r  o p e ra tio n ; cu rren t m o d e  an d  p u lse  m o d e . P u lse  m o d e  
o f  o p e ra tio n  is p re fe rred  in  a p p lic a tio n s  w h e re  in fo rm a tio n  is so u g h t a b o u t th e  p ro p e rtie s  o f  
in d iv id u a l q u a n ta  o f  ra d ia tio n  in c lu d in g  b o th  e n e rg y  an d  tim e . T h e  c u rre n t m o d e  o f  
o p e ra tio n  is  n o rm a lly  o n ly  u se d  in  s itu a tio n s  o f  h ig h -c o im t ra te .
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Figure 3-3 Elements o f a typical signal chain fo r pulse processing from  a scintillator detector.
F o r  s im p lic ity  it  is  a ssu m e d  th a t th e  c irc u it R C  tim e  c o n s ta n t is  lo n g  c o m p a re d  to  th e  
ch a rg e  c o lle c tio n  tim e  in  th e  d e te c to r  b u t  sm a ll re la tiv e  to  th e  av e ra g e  t im e  b e tw e e n  
in te ra c tio n s  o f  in d iv id u a l q u a n ta  in  th e  d e tec to r. U n d e r  su c h  c o n d itio n  th e  a m p litu d e  o f  th e  
p u lse  is g iv en  b y  Vmax= Q/C, w h e re  Q, is  th e  ch a rg e  p ro d u c e d  b y  th e  in d iv id u a l q u a n ta  in  th e  
d e te c to r  an d  C  is  th e  c a p a c itan c e  o f  th e  m e a su r in g  c ircu it.
T h e  s ig n a l is  th e n  fed  to  a  m u lti-c h a n n e l an a ly se r  (M C A ) th a t d iv id es  th e  ra n g e  o f  
s ig n a l in to  a  n u m b e r  o f  e q u a lly  sp a c e d  in te rv a ls  u su a lly  k n o w n  as ch a n n e ls  (K n o ll, 2 0 0 0 ). 
T h e  M C A  th e n  m a k e s  a  h is to g ra m  o f  th e  s ig n a l am p litu d e . T h e  re so lu tio n  o f  th e  re su ltin g  
p u lse  h e ig h t sp e c tru m  s ig n a l th e n  d e p e n d s  u p o n  th e  n u m b e r o f  M C A  c h an n e ls , ty p ic a lly  
1024  o r  4 0 9 6  ch an n e ls .
3.4.2. Digital Sampling technique
D ig ita l sa m p lin g  is th e  p ro c e ss  o f  c o n v e rtin g  a  s ig n a l th a t is  co n tin u o u s  in  tim e  an d  
m a g n itu d e  in to  a  f in ite  n u m b e r  o f  d isc re te  d a ta  p o in ts . T h e  d e v ic e  th a t a llo w s th e  d ig ita l 
sa m p lin g  is  an  A n a lo g -to -d ig ita l c o n v e rte r  (A D C ). T h e  v o lta g e  o f  a  c o n tin u o u s  an a lo g  s ig n a l 
is  c o n n e c te d  to  th e  in p u t o f  th e  A D C  m a n y  tim e s  a  second . T h e  ra te  a t w h ic h  it  h a p p e n s  is 
th e  sa m p lin g  ra te . T h e  a n a lo g  v o lta g e  m e a su re d  is  th e n  c o n v e rte d  in to  b in a ry  n u m b e r  th a t 
c a n  b e  th e n  re a d  to  c o m p u te r  h a rd  d riv e . T h is  is d o n e  b y  d iv id in g  th e  m a g n itu d e  o f  th e  
v o lta g e  ra n g e  in to  a  n u m b e r  o f  e q u a l in c re m e n ts , th e  to ta l n u m b e r  o f  w h ic h  is  th e  la rg e s t 
b in a ry  n u m b e r  u sed . F o r  e x a m p le  i f  th e  m a x im u m  v o lta g e  ra n g e  is  0-1 v o lt an d  th e  A D C
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u sed  to  re p re se n t th is  v o lta g e  h as  a 4  b it re so lu tio n , th en  it d iv id e  1 v o lt in to  2 4= 1 6  c h an n e ls  
each  w ith  an  in c re m e n t o f  0 .0 6 2 5  vo lt. T h e  A D C  u sed  in  th is  w o rk  is an  8-b it co n v erte r. 
T h u s  th e  m a x im u m  n u m b e r o f  v a lu e s  is 2 =  2 5 6  n u m b ers .
S in ce  th e  sa m p lin g  te c h n iq u e s  d ea ls  w ith  d isc re te  b in a ry  n u m b e rs , th e ir  fin ite  
re so lu tio n  is th e  m a in  so u rce  o f  e rro r. T h e  fo llo w in g  tw o  p o in ts  m u s t b e  sa tis fied  w h ile  
sa m p lin g  an  an a lo g  sig n a l.
a) T h e  s ig n a l m u s t b e  sam p le d  lo n g  en o u g h  to  in c lu d e  th e  lo w est f re q u e n c y  o f  in te res t,
b) T h e  s ig n a l m u s t b e  sa m p le d  q u ic k ly  to  c a p tu re  th e  h ig h es t f re q u e n c y  p re se n t in th e  signal.
T h e  m in im u m  fre q u e n c y  req u ire d  to  a c c u ra te ly  re p re se n t an  a n a lo g  s ig n a l is d e fin ed  
b y  N y q u is t’s th eo rem . T h is  s ta te s  th a t th e  s ig n a l m u st b e  sam p le  a t f req u en cy  eq u a l to  at 
least tw ic e  th e  m a x im u m  fre q u e n c y  p re se n t in  th e  u n k n o w n  sig n a l. T h e  e ffec ts  o f  d iffe ren t 
sa m p lin g  freq u en c ies  are  sh o w n  F ig u re  3 -4 .
Adequately Sampled Wave 
Nyquist Sampled Wave
Under Sampled Wave
Figure 3-4 The effect o f sampling on input sine w ave shape signal. The w aveform  sampled at frequency 
lower than Nyquist frequency, does not retain any o f the characteristics o f the sine wave but ra ther gives 
a distorted sine wave (M arven and Ewers, 1996).
In  th e  d ig ita l p u lse  p ro c e ss in g  te c h n iq u e  th e  an a lo g  s ig n a ls  o u tp u t b y  th e  d e te c to r  are  
d ire c tly  d ig itise d  an d  p ro c e sse d  to  o b ta in  th e  a m p litu d e  and  sh ap e  p a ra m e te rs  fo r e v e ry  
d e tec ted  p u lse . T h e  d ig ita l p u lse  p ro c e ss in g  sy s tem  is v e ry  s im p le  an d  is ty p ic a lly  co n tro lled  
u s in g  d ed ic a te d  P C -b ased  so ftw are . F ig u re  4-1 sh o w s a b lo ck  d ia g ra m  o f  th e  d ig ita l sy stem  
u sed  in  th is  w ork . H e re  th e  cu rre n t p u lse s  from  th e  d e te c to r  are  fed  d ire c tly  to  th e  w a v e fo rm  
d ig itise r. B ec a u se  th e  p u lse s  fro m  th e  liq u id  sc in tilla to r  are  v e ry  fast, c o n se q u e n tly  th e  u se  o f
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d ig ita l P S D  re lie s  o n  th e  fa s t w a v e fo rm  d ig itise r  w ith  a  sa m p lin g  re so lu tio n  o f  few  
n a n o se c o n d s . A  h ig h -sp e e d  8-b it W a v e fo rm  d ig itise r  (A cq iris ) w ith  1 G S /s  sa m p lin g  ra te  
w a s  u se d  in  th is  w o rk . T h e  d ig itise r  h a s  a  h ig h  sp e e d  P C I b u s  c o n n e c tio n  to  a  P C  to  ach iev e  
e v e n t-b y -e v en t a c q u is itio n  o f  c o m p le te  d e te c to r  w a v e fo rm s  a t re a so n a b le  e v e n t ra te s . T h e  
P C  c o m p u te r  ru n n in g  d e d ic a te d  la b v ie w  d a ta  ac q u is itio n  so ftw a re  p e rfo rm e d  re a l- tim e  
ex tra c tio n  o f  ev en t p a ra m e te rs  su c h  as e n e rg y  an d  r ise  tim e  fro m  th e  a c q u ire d  w av e fo rm s.
B o th  d ig ita l an d  a n a lo g  te c h n iq u e s  b a s ic a lly  p e rfo rm  th e  sam e  fu n c tio n  in  s ig n a l 
p ro c e ss in g , i.e . to  e x tra c t in fo rm a tio n  su c h  as p u lse  h e ig h t, p u lse  sh a p e  etc  fo r  in c o m in g  
d ata . T h e  d ig ita l a p p ro a c h  h as  se v e ra l a d v a n ta g e s  o v e r  th e  an a lo g . S in ce , in  d ig ita l p u lse  
p ro c e ss in g , th e  o u tp u t s ig n a ls  a re  d ire c tly  d ig itise d  an d  p ro c e s se d  to  e x tra c t th e  re q u ire d  
in fo n n a tio n  su c h  m e th o d s  a llo w  th e  c o lle c tio n  o f  as m u c h  in fo n n a tio n  fro m  th e  n e u tro n  
d e te c to r  as  p o ss ib le . S u b se q u e n tly  a n y  a lg o rith m  c an  b e  u se d  fo r d a ta  e v a lu a tio n  an d  m a y  b e  
a p p lie d  b y  o n ly  a  c h an g e  o f  th e  an a ly s is  so ftw are . A lso  th e  d ig ita l f ilte r in g  a llo w s th e  
b a n d w id th  o f  th e  s ig n a l to  b e  su p p re sse d  in  a  c o n tro lle d  w ay . D ire c t d ig itisa tio n  o f  th e  s ig n a l 
e lim in a te s  th e  u se  o f  an a lo g  c irc u its  su c h  as am p lifie rs , filte rs  o r  lo g ic  c ircu itry , w h ic h  ten d s  
to  im p ro v e  th e  S /N  ra tio  an d  re d u c e  th e  h ig h  fre q u e n c y  n o ise .
3.5. Analog PSD and timing methods
P u lse  sh ap e  d isc r im in a tio n  (P S D ) is  a  k e y  p ro p e r ty  in  m a n y  a p p lic a tio n s  in v o lv in g  
liq u id  sc in tilla to r. T h e  P S D  te c h n iq u e  is  b a se d  o n  th e  fa c t th a t sh a p e  o f  an  o u tp u t p u lse  fro m  
m o s t o f  liq u id  sc in tilla to rs  d e p e n d s  u p o n  th e  ty p e  o f  in te ra c tin g  ra d ia tio n  a n d  is  d iffe re n t fo r 
d iffe re n t io n is in g  p a rtic le s . P S D  is v e ry  o fte n  u se d  to  d isc rim in a te  th e  d e s ire d  s ig n a l ag a in s t 
u n w a n te d  b a c k g ro u n d . F o r  n e u tro n  d e te c tio n  ap p lica tio n s , it  c a n  b e  a d v a n ta g e o u s  to  u se  
P S D  to  d isc rim in a te  th e  s ig n a l a g a in s t th e  g a m m a  b a c k g ro u n d .
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3.5.1. Analog PSD techniques
T h ere  a re  tw o  m o d e s  o f  d e te c to r  o p era tio n ; c u rre n t m o d e  an d  p u lse  m o d e . P u lse  
m o d e  o f  o p e ra tio n  is  p re fe rre d  in  a p p lic a tio n s  w h e re  in fo rm a tio n  is  so u g h t ab o u t th e  
p ro p e rtie s  o f  in d iv id u a l q u a n ta  o f  ra d ia tio n  in c lu d in g  b o th  e n e rg y  an d  tim e. T h e  cu rre n t 
m o d e  o f  o p e ra tio n  is  n o rm a lly  o n ly  u se d  in  s itu a tio n s  o f  h ig h -c o u n t ra te .
T h e  sh ap e  o f  th e  v o lta g e  p u lse  p ro d u c e d  a t th e  a n o d e  o f  th e  P M  tu b e  fo llo w in g  th e  
sc in tilla tio n  ev en t d e p e n d s  o n  th e  t im e  c o n s ta n t o f  th e  an o d e  c ircu it. T h e  a n o d e  c irc u it c a n  b e  
id e a liz e d  as sh o w n  in  F ig u re  3 -5 . T h e  b a s ic  s ig n a l is th e  v o lta g e  o b se rv e d  across th e  c ircu it 
c o n s is tin g  o f  a  lo a d  re s is ta n c e  (R ) an d  c a p a c itan c e  (C ). P ro d u c t o f  th e  re s is ta n c e  and  
c a p a c itan c e  v a lu e s  (R C ) p ro v id e s  th e  tim e  c o n s ta n t o f  th e  c ircu it.
F
i (t)
1 iC
F ~xr
R V(t)
J l
Figure 3-5 Simple parallel RC  circuit representing a PM  tube anode circuit (Knoll, 2000).
T h e  d e c a y  tim e  o f  th e  p r in c ip a l sc in tilla tio n  lig h t (p ro m p t flu o re sc e n c e) is  re p re se n te d  b y  th e  
e x p o n e n tia l d e c a y  is  sh o w n  in  F ig u re  3 -6 , an d  re p re se n te d  as:
*(0 = i0e~t,T
Equation 3-4
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W h e re  x is  th e  s c in tilla to r  d e c a y  c o n s ta n t an d  i0 is  th e  in itia l cu rren t. T h e  
a p p ro x im a te d  re la tio n s  d e riv e d  (K n o ll, 2 0 0 0 ) fo r  th e  v o lta g e  p u lse  a t sh o rt an d  lo n g  tim e  
c o n s ta n ts  o f  th e  RC c irc u it e x p la in  h o w  th e  sc in tilla tio n  d e c a y  tim e  is  ta k e n  fro m  th e  c u rre n t 
an d  p u lse  m o d es . T h e  b e h a v io u r  o f  th e  v o lta g e  p u lse  V(t) in  th e  in te g ra tin g  m o d e  o f  
o p e ra tio n  c an  b e  re p re se n te d  b y  th e  e x p re ss io n :
V ( t ) = Q ( e ~ t / R C - e ~ t l T )
c
Equation 3-5
W h e re  V(t) h as  th e  p u lse  sh a p e  sh o w n  in  F ig u re  3 -6  (m id d le ), th is  c o rre sp o n d  to  th e  o u tp u t 
o f  a n  in te g ra tin g  p re a m p lif ie r , w h e re  a t sh o rt t im e s  (i.e . th e  le a d in g  ed g e ), V(t) h a s  th e  fo rm :
F ( 0  =  £ ( f o r  (t «  RC)
Equation 3-6
A n d  a t lo n g e r  tim e s  (i.e . th e  ta il  o f  th e  p u lse )  h a s  th e  fo rm :
F ( 0  =  / - " 8 C  fo r  »
Equation 3-7
T h e  e ffe c t o f  th e  lo n g  a n d  sh o rt t im e  c o n s ta n t c a n  b e  sc h e m a tic a lly  sh o w n  in  F ig u re  3 -6 , 
w h e re  th e  e ffec t o f  th e  tw o  o p p o s ite  ca se s  ( R C » x  &  R C « x )  is im p o rta n t in  d e te rm in in g  
th e  sc in tilla to r  d e c a y  tim e  x.
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Figure 3-6 The exponential decay of scintillation light at the top, plots are given of the anode 
pulse for two extremes of large and small anode time constant (Knoll, 2000)
F ro m  th e  tim e  b e h a v io u r  e x p re sse d  b y  E q u a tio n  3-6  an d  E q u a tio n  3 -7 , fo llo w in g  
im p o rta n t o b se rv a tio n  c a n  b e  m ad e :
C ase -1 : F o r  la rg e  tim e  c o n s ta n ts  (e .g . in te g ra tin g  p re a m p lif ie r): I f  th e  tim e  c o n s ta n t 
(RC) is  la rg e  c o m p a re d  w ith  th e  c h a rg e  c o lle c tio n  tim e  in  th e  d e tec to r , u n d e r  th e se  
c irc u m sta n c es , th e  v o lta g e  p u lse  r ise  o v e r  th e  ch a rg e  c o lle c tio n  tim e , reach es  its  m a x im u m  
w h e re  a ll th e  ch a rg e  h as  b e e n  co lle c te d , a n d  th e n  ex p o n e n tia lly  d ecay s  b a c k  to  ze ro  w ith  th e  
ch a ra c te ris tic s  tim e  se t b y  th e  tim e  c o n s ta n t o f  th e  m e a su rin g  c irc u it (F ig u re  3 -6b ). T h is  ty p e  
o f  s ig n a l p u lse  is c a lled  ta il p u lse , a n d  it  is  o b se rv ed  fro m  th e  p re a m p lif ie r  u se d  w ith  m a n y  
k in d s  o f  ra d ia tio n  d e tec to rs . T h e  m o s t im p o rta n t p ro p e r ty  o f  is  its  m a x im u m  size , o r 
am p litu d e  th a t c o rre sp o n d  to  Vmax~Q/C.
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C ase-2 : In  th e  o th e r  ca se s  w h e re  R C « x  (c u rre n t am p lif ie r) , v e ry  little  ch a rg e  is  
in te g ra te d  o n  th e  cap ac ito r , a n d  th e  o u tp u t w ill  re f le c t th e  te m p o ra l o u tp u t o f  th e  d e te c to r  
itse lf . I t  fo llo w s  th a t V  is e x tra c te d  fro m  th e  ta il  o f  th e  s ig n a l (p u lse  d e c a y  tim e) th a t is 
id e n tic a l to  th a t o f  th e  s c in tilla to r  lig h t as  sh o w n  in  F ig u re  3 -6 a , a n d  th e  le a d in g  edge . T h is  
tim e  is  d e te rm in e d  b y  th e  RC  c irc u it tim e  co n stan t. T h u s , th e  ra d ia tio n  in te ra c tio n  e n e rg y  can  
b e  e x tra c te d  fro m  th e  p u lse  in teg ra l.
T h e  u su a l in fo rm a tio n  c a rr ie d  b y  a  lin e a r p u lse  is  its  a m p litu d e  an d  tim e  o f  
o c c u rre n ce . B u t in  so m e  ca ses  e sp e c ia lly  fo r  o rg a n ic  sc in tilla to rs , th e  sh ap e  o f  th e  p u lse  a lso  
a ssu m e s  so m e  in fo rm a tio n  ab o u t th e  ty p e  o f  ra d ia tio n . In  m o re  c o m m o n  ap p lica tio n s , th e  
l in e a r  ta il  p u lse  o b ta in e d  fro m  c o lle c tin g  th e  c u rre n t ac ro ss  th e  la rg e  tim e  c o n s ta n t sh o w  
c h a n g e s  o n ly  in  its  le a d in g  ed g e . T h is  p ro p e r ty  o f  th e  le a d in g  e d g e  c an  b e  u se d  to  
d isc rim in a te  d iffe re n t ty p e s  o f  ra d ia tio n s . T h e re  are  tw o  ty p ic a l a n a lo g  m e th o d s  th a t h a v e  
b e e n  u se d  to  c a rry  o u t p u lse  sh a p e  d isc r im in a tio n  m e a su re m e n ts . T h e  firs t is  b a se d  o n  
e le c tro n ic  m e th o d s  o f  se n s in g  th e  d iffe re n c e  in  th e  r ise  tim e  o f  a n  o u tp u t p u lse , w h ile  th e  
se c o n d  d e riv e s  a  s ig n a l b a se d  o n  in te g ra tin g  th e  to ta l ch a rg e  o v e r  tw o  d iffe re n t tim e  p e rio d s . 
T h e  r is e  tim e  te c h n iq u e  im p lie s  th e  d e te rm in a tio n  o f  th e  tim e  a t w h ic h  th e  in te g ra te d  lig h t 
o u tp u t re a c h e s  a  c e r ta in  fra c tio n s  o f  its  m a x im u m  am p litu d e  ty p ic a lly  10% ~90%  (K am ad a , 
1999). T h e  r ise  tim e  m e a su re m e n ts  c an  b e  im p le m e n te d  in  a  n u m b e r  o f  w ay s . T h e  m o s t 
c o m m o n  m e th o d  u se d  fo r  P S D  in  o rg a n ic  sc in tilla to r  is  b a se d  o n  p a s s in g  th e  p h o to m u ltip lie r  
tu b e  p u lse  th ro u g h  a  b ip o la r  sh a p in g  n e tw o rk , u s in g  a  d o u b le  d e la y  line . T h e  z e ro -a m p litu d e  
c ro ss in g  o f  th is  b ip o la r  p u lse  d e p e n d s  o n  th e  r ise  tim e  an d  sh a p e  o f  th e  in itia l p u lse  b u t  
in d e p e n d e n t o f  am p litu d e . T h u s , a  m e a su re  o f  th e  p u lse  sh ap e  is  g iv e n  b y  th e  tim e  in te rv a l 
b e tw e e n  th e  le a d in g  ed g e  o f  in itia l p u lse  a n d  zero  c ro ss in g  o f  th e  b ip o la r  sh ap ed  p u lse . A n  
e x a m p le  o f  th e  c irc u it im p ly in g  th is  m e th o d  c an  b e  fo u n d  in  th e  re fe re n c e  (G la sg o w , 1974).
A n o th e r  c o m m o n  m e th o d  to  P S D  is ch a rg e  co m p a riso n  m e th o d  th a t d e te rm in e s  th e  
re la tiv e  w e ig h t o f  th e  lig h t in te n s ity  e m itte d  re sp e c tiv e ly  in  th e  fa s t an d  s lo w  c o m p o n e n ts  o f  
th e  lig h t p u lse  (M oszynslci, 1992). In  th is  m e th o d  th e  an o d e  p u lse  fro m  th e  p h o to m u ltip lie r  
tu b e  is  sp lit  an d  th e  fa s t an d  s lo w  c o m p o n e n ts  o f  th e  p u lse  are  se p a ra te ly  g a te d  in to  
in te g ra tin g  a n a lo g -to -d ig ita l co n v e rte r. T h e  ra tio  o f  th e  d ig ita l re su lts  fo r  th e  s lo w  an d  th e  
fa s t co m p o n e n ts  o f  th e  p u lse  th e n  g iv e  a  P S D  d e te rm in a tio n  sp ec tru m . T h e  ab o v e  m e th o d s  
h a v e  tra d itio n a lly  u se d  a n a lo g  te c h n iq u e s , w h ic h  n e e d  b u lk y  e le c tro n ic s  to  o b ta in  th e  d es ired  
P S D . In  th is  s tu d y  th e  u se  o f  a  d ig ita l c h a rg e  c o m p a riso n  P S D  m e th o d  (Q -ra tio ) b a se d  o n  
so ftw a re  p ro g ra m  w a s  in v e s tig a te d  an d  th e n  a p p lie d  to  c h a ra c te rise  th e  P S D  p ro p e rtie s  o f  a  
D e m o n  d e tec to r. T h e  d e ta il d e sc r ip tio n  o f  th is  d ig ita l a p p ro a c h  in  g iv e n  in  se c tio n  3.6 .
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T h e  p e rfo rm a n c e  o f  a  P S D  m e th o d  is  u su a lly  s ta te d  in  te rm s  o f  f ig u re  o f  m e rit 
“F O M ” (R an u cc i, 1995). T h is  m e a su re  c o m p a re s  th e  se p a ra tio n  o f  n e u tro n  and  g a m m a  ra y  
in d u c e d  ev en ts  in  th e  P S D  sp e c tru m  to  th e  su m  o f  th e  w id th s  o f  th e  in d iv id u a l ev en t 
d is tr ib u tio n  as sh o w n  in  F ig u re  3 -7 . T h e  F O M  u su a lly  ran g es  fro m  0, fo r  n o  P S D  to  g re a te r  
th a n  2 fo r  e x c e lle n t P S D . T h e  F O M  is  g e n e ra lly  re d u c e d  b y  in c re a se s  in  e ith e r  th e  d y n am ic  
ra n g e  o f  p ro c e s se d  in p u t p u lse  h e ig h t o r  g ro ss  c o u n tin g  ra te .
Figure 3-7 Illustration of figure of merit, FOM, for measuring performance of PSD system.
3.5.2. Analog time pick-off methods
T h e  o u tp u t p u lse s  fro m  th e  d e te c to r  a re  led  to  a  d is c r im in a to r  o r  tr ig g e r  u n it, th a t 
g e n e ra te  a  lo g ic  p u lse  w h o se  le a d in g  ed g e  in d ic a te s  th e  o c c u rre n ce  o f  a  lin e a r a n a lo g u e  
p u lse . T h e  tw o  m a in  fu n c tio n s  o f  th e  tr ig g e r  are.
1) I t  h a s  a  v o lta g e  th re sh o ld , w h ic h  m e a n s  th a t it  w ill p ro d u c e  an  o u tp u t p u lse  w h e n  th e  
in p u t p u lse  h e ig h t is  g re a te r  th a n  th re sh o ld .
2 ) I t  p ro d u c e s  o u tp u t p u lse s  o f  a  s ta n d a rd  a m p litu d e  h e ig h t su ita b le  fo r  p ro c e s s in g  b y  
su b se q u e n t e lec tro n ics .
T h e  th re e  m a jo r  ty p e s  o f  tr ig g e rin g  m e th o d s  u se  in  a  c o n v e n tio n a l tim in g  e lec tro n ic s  
in c lu d e  le a d in g  e d g e  d isc rim in a to r, c ro sso v e r  tim in g  an d  c o n s ta n t f ra c tio n  tim in g .
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Leading edge discriminator
T h is  m e th o d  is a d irec t an a lo g u e  tim e  p ic k -o f f  m e th o d , w h ic h  u se s  a fixed  th re sh o ld  
d isc r im in a to r  on  th e  p u lse  from  th e  d e tec to r. E m p iric a lly  it is fo u n d  th a t fo r b e s t le ad in g  
ed g e  ch a ra c te ris tic s , th e  tim in g  d isc r im in a to r  is  se t at 10-20%  o f  th e  p u lse  am p litu d e . T he  
lead in g  ed g e  tim in g  can  b e  a ffe c ted  b y  th e  ra n d o m  flu c tu a tio n s  su p e rim p o sed  on  s igna l 
p u lse s  o f  eq u a l s izes, le ad in g  to  g en e ra tio n  o f  an  o u tp u t log ic  p u lse  a t so m ew h a t d iffe re n t 
tim e s  w ith  re sp ec t to  th e  c e n tro id  o f  th e  p u lse . N o ise  o f  th is  ty p e  is k n o w n  as tim e  j i t te r  and  
can  b e  sh o w n  in  F ig u re  3 -8 (b ). It is c le a r  th a t th e  p u lse s  w ith  h ig h  a m p litu d e  c ro ss  the  
d isc r im in a to r  b e fo re  th e  sm a lle r  s ig n a l. T h e  tim in g  e rro rs  as a  re su lt o f  tim e  j i t te r  are  
sy m m e tric a l and  w ill in c re a se  i f  th e  s lo p e  o f  th e  lead in g  ed g e  o f  th e  p u lse  d ec reases . 
A m p litu d e  w a lk  is a lso  a sso c ia ted  w ith  a le a d in g  ed g e  trig g er, and  c an  b e  d em o n s tra te d  b y  
F ig u re  3 -8 (a). B o th  p u lse s  sh o w n  h av e  th e  sam e  tim e  o f  o rig in  b u t g iv e  rise  to  o u tp u t log ic  
p u lse s  th a t is d iffe ren t in  th e ir  tim in g . T o  red u c e  th e  w a lk  tim in g  u n c e rta in tie s  d u e  to  w alk  
e ffec t th e  fo llo w in g  tw o  m e th o d s  a re  u se fu l.
Amplitude walk (a)
Time jitte r
Figure 3-8 The (a) Amplitude walk, and (b) time jitter effects on pulses triggered using leading edge 
discriminators (Knoll, 2000).
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Crossover timing
In  th is  a p p ro a c h  th e  p u lse s  fro m  th e  d e te c to r  a re  c lip p e d  w ith  a  sh o rt d e la y  t im e  to  
p ro d u c e  a  b ip o la r  p u lse  w ith  a  z e ro -c ro ss in g  tim e , sh o w n  in  F ig u re  3 -9 . T h e  zero  c ro ss in g  
m e th o d  a llo w s  a n  in d ire c t e v a lu a tio n  o f  th e  r ise  tim e  o f  th e  p u lse  p e rfo rm e d  b y  th e  
m e a su re m e n t o f  th e  tim e  fo r  a  bipolar* s ig n a l to  c ro ss  th e  b ase lin e . S in c e  th e  tim e  o f  th e  ze ro - 
c ro ss in g  p o in t re p re se n ts  th e  sa m e  tim in g  p o in t fo r a ll p u lse  h e ig h ts , th e  w a lk  e ffec t sh o u ld  
b e  a lm o s t rem o v ed . S in ce  th e  d is c r im in a to r  fra c tio n  o f  th e  c ro sso v e r  t im in g  is  la rge , th e re  is 
a  la rg e  s ta tis tic a l tim e  j i t te r  o f  th e  p u lse s  th a t le ad s  to  w o rse  tim e  re so lu tio n  th a n  th e  le a d in g  
e d g e  m e th o d  w h e n  th e re  is  a  n a rro w  ra n g e  o f  th e  in p u t p u lse  h e ig h ts .
Figure 3-9 Bipolar pulses of different amplitude with same time of zero crossover (Knoll, 2000)
Constant fraction timing
C o n sta n t f ra c tio n  tim in g  is  a n o th e r  tim e  p ic k -u p  m e th o d  th a t p ro d u c e s  an  o u tp u t 
s ig n a l a  f ix e d  tim e  a fte r  th e  le a d in g  e d g e  o f  th e  p u lse  h as  re a c h e d  a  c o n s ta n t f ra c tio n  o f  th e  
p u lse  p e a k  am p litu d e . In  m e th o d  th e  in p u t p u lse  is sp lit in to  tw o  b ra n c h e s . In  o n e  b ra n c h  th e  
p u lse  is  s im p ly  d e la y e d  b y  a  f ix e d  tim e  an d  in  th e  o th e r b ra n c h  th e  p u lse  is a tte n u a te d  b y  a  
f ix e d  fra c tio n  an d  in v e rted . T h e n  th e  p u lse s  in  th e  tw o  b ra n c h e s  a re  a d d e d  as sh o w n  in
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F ig u re  3 -10 . T h e  d isc r im in a to r  tr ig g e rs  i f  th e  in p u t p u lse  is  a b o v e  a  c e r ta in  v o ltag e , b u t  th e  
lo g ic  p u lse  is  n o t  p ro d u c e d  u n til  th e  a d d e d  p u lse  c h an g e  p o la r ity . C o n s ta n t fra c tio n  t im in g  
p ro v id e s  th e  b e s t t im e  re so lu tio n  w ith  sc in tilla tio n  d e tec to rs , in d e p e n d e n t o f  th e  p u lse  
h e ig h ts . T h e  m a in  p ro b le m  w ith  th is  m e th o d  is th a t i t  is  s till se n s itiv e  to  p u lse  sh ap e  
d is to rtio n , re su ltin g  in  p o o r  tim e  re so lu tio n  fo r  en e rg ie s  le ss  th a n  200k e v  an d  fo r  p o o r ly  
sh a p e d  n o isy  p u lse s . C o m p a re d  to  s im p le  le a d in g  e d g e  m e th o d , c o n s ta n t frac tio n  m e th o d  
w o u ld  b e  c o m p u te r  in te n s iv e  i f  im p le m e n te d  b y  d ig ita l p u lse  p ro c e s s in g  sy stem .
(c) Inverted and 
Delayed
/ir
v
Zero crossing 
time
(d) shaped Signal 
for timing
/1\
V
Figure 3-10 Schematic illustration of constant fraction time pick-off method. The original pulse (a) 
attenuated pulse (c) inverted and delayed pulse. The sum of (b) and (c) gives the pulse (d) with a zero 
crossing time used to generate the timing signal (Knoll, 2000)
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3.6. Introduction to digital pulse analysis
3.6.1. Digital PSD algorithms
T h e  m o s t c o m m o n  a n a lo g u e  a lg o rith m s  u se d  fo r P S D  are , (1 ) th e  10 -90%  p u lse  r ise  
tim e , (2) th e  p u lse  tim e  o v e r th re sh o ld , an d  (3) th e  Q -ra tio  (ch a rg e  c o m p ariso n ) m e th o d . T h e  
r ise  tim e  a lg o rith m  is  a p p lie d  to  in te g ra te d  p u lse s  p ro d u c e d  fro m  a  ch a rg e  in te g ra tin g  
p re a m p lif ie r , an d  th e  la tte r  tw o  a lg o rith m s  a re  ap p lied  to  c u rre n t p u lse s  p ro d u c e d  d ire c tly  
fro m  th e  P M T  anode. U s in g  m o d e m  sa m p lin g  te c h n iq u e s  it  is  p o s s ib le  to  d ig itise  th e  o u tp u t 
s ig n a l fro m  a  d e te c to r  w ith  h ig h  sa m p le  ra te  an d  g o o d  re so lu tio n . A  d e ta iled  p u lse  sh ap e  
an a ly sis  is p o ss ib le  o n  th e  sa m p le  d a ta  i f  th e  in fo rm a tio n  o n  th e  sh ap e  o f  th e  s ig n a l is  w ith in  
th e  re so lu tio n  an d  th e  N y q u is t  f re q u e n c y  o f  th e  d ig itize r, h i  th is  w o rk  a  d ig ita l sa m p lin g  an d  
p u lse  sh a p e  id e n tif ic a tio n  m e th o d  h as  b e e n  d ev e lo p ed  an d  a p p lie d  to  sc in tilla to r  p u lses . 
F ig u re  3-11 sh o w s a  sc h e m a tic  i llu s tra tio n  o f  d ev e lo p e d  d ig ita l P S D  a lg o rith m s.
T h e  tim e  o v e r th re sh o ld  m e th o d  (T O T ) m ea su re s  th e  tim e  th a t th e  p u lse  re m a in e d  
o v e r th e  th re sh o ld  am p litu d e , w h ic h  is se t ty p ic a lly  eq u a l to  fiv e  tim e s  th e  l o  n o ise  o f  th e  
p u lse  b ase lin e . T h is  p ro v id e s  a  d ire c t sam p le  o f  th e  lo n g -liv ed  c o m p o n e n t in  p u lse  shape . 
T h is  m e th o d  is sen s itiv e  to  n o ise  a n d  re q u ire s  se ttin g  a  so ftw a re  th re sh o ld  as lo w  as p o ss ib le  
w ith o u t cau s in g  fa lse  tr ig g e rs  d u e  to  s ig n a l n o ise .
T h e  ‘Q -ra tio ’ a lg o rith m  (Q R ), w h ic h  w a s  a lso  ap p lie d  d ire c tly  to  th e  c u rre n t p u lse , 
in teg ra te s  th e  d ig itise d  p u lse  in to  th ree  d iffe re n t tim e  w in d o w s as sh o w n  in  F ig u re  3-1 lb .  A  
lo n g  w in d o w  in teg ra te s  th e  p u lse  fo r  a  tim e  t2 to  m e a su re  th e  to ta l ch a rg e  (Q t) w h ile  th e  
se c o n d  w in d o w  in teg ra te s  th e  p u lse  fo r  a  sm all tim e  in te rv a l (t2- t i )  to  e stim a te  th e  ch a rg e  in  
its  ta il  (Q s). M a th e m a tic a lly  th e  P S D  a n d  th e  p u lse  h e ig h t p a ra m e te rs  a re  th e re fo re  g iv e n  b y  
E q u a tio n  3-8  an d  E q u a tio n  3 -1 0  re sp ec tiv e ly .
Slow Ch a rg  e = Qs = j i(t)dt
Equation 3-8
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h
Fast Charge = Qf =  ji(t)dt
lQ
Equation 3-9
l2
Total Ch a rg  e = QT = ^i(t)dt 
f0
Equation 3-10
T h e  to ta l ch a rg e  c o n ta in e d  in  th e  d e te c to r  c u rre n t p u lse  is  p ro p o rtio n a l to  th e  e n e rg y  
d e p o s ite d  in  th e  d e tec to r. T h e  q u a n tity  to ta l- to -fa s t ch a rg e  ra tio  ( QR =  ) c a n  a lso  b e  u sed
Qf
as a  se p a ra tio n  p a ra m e te r  b e tw e e n  a  n e u tro n  an d  a  g am m a. T h e  e ffe c tiv en e ss  o f  P S D  b y  th is  
m e th o d  d ep en d s  o n  th e  p o s it io n  a n d  w id th  o f  b o th  tim e  w in d o w s  a n d  is sen s itiv e  to  th e  
a sy m m e try  o f  th e  p u lse  sh ap e . T h e  ad v a n ta g e  o f  th e  Q -ra tio  m e th o d  co m p are  to  tim e  o v e r  
th re sh o ld  is th a t a ll th e  d a ta  in  th e  p u lse  sh a p e  is sam p led  an d  th e re fo re  h a s  a  b e tte r  s ig n a l to  
n o ise  ra tio .
N eu tro n  D etection  u sin g  S c in t il la to rs
tim e(ns)
Figure 3-11: G raphical representation  o f three different PSD algorithm s (a) TO T  m ethod (b) Q R  m ethod  
(Sellin and Jaffar, 2003).
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3.6.2. Digital timing algorithms
In  th is  se c tio n  v a rio u s  d ig ita l m e th o d s  a re  d e v e lo p e d  fo r  c h a ra c te r is in g  th e  
sc in tilla to r  t im in g  p ro p e rtie s . T h e se  in c lu d e  tw o  c o n s ta n t fra c tio n  m e th o d s : (a) d ig ita l 
th re sh o ld , an d  (b) d ig ita l le a d in g  e d g e  in te rc e p t, p lu s  (c) a  d ig ita l ze ro  c ro ss in g  m e th o d . T h e  
d e ta il o f  e ach  a lg o rith m  is g iv e n  in  th e  fo llo w in g  p a rag rap h .
Digital threshold timing algorithm
T h e  m o s t c o m m o n  m e th o d  u se d  b y  m a n y  an a lo g  sy s tem s to  g e t th e  tim in g  m a rk e r  is 
c o n s ta n t fra c tio n  m e th o d . T h is  m e th o d  h a s  a lre a d y  b e e n  e x p la in e d  in  se c tio n  3 .5 .2 . H o w e v e r  
in  a  d ig ita l sy s te m  it is  v e ry  e a sy  to  o b ta in  su c h  a  tim in g  m a rk e r  w ith o u t u s in g  a n y  e x tra  
e le c tro n ic s  su ch  as c o n s ta n t fra c tio n  m o d u le . S u c h  an  a lg o rith m  c an  b e  a p p lie d  to  th e  p u lse s  
d ire c tly  fro m  th e  p h o to m u ltip lie r  tube . F ig u re  3 -1 2  e x p la in  th e  d ig ita l v e rs io n  o f  th e  
th re sh o ld  o r  c o n s ta n t fra c tio n  a lg o rith m . T h e  fo llo w in g  a re  th e  m a in  s tep s  th a t a re  n e c e ssa ry  
to  im p le m e n t th is  a lg o rith m .
1. T h e  d ig itise d  s ig n a l is  f irs t c o rre c ted  fo r  a n y  D C  o ffse t b y  su b tra c tin g  th e  a v e ra g e  o f  
a  fe w  sam p le s  f ro m  th e  e a r ly  p a r t  o f  th e  w av e fo rm .
2. T h e  m a x im u m  a m p litu d e  o f  th e  s ig n a l (V max) is found .
3. M e a su re  th e  fra c tio n  am p litu d e , i.e . fV niax, h e re  f  is p re d e fin e d  v a lu e (ffa c tio n )
4. S e t th e  th re sh o ld  a t fV max
5. F in d  a  tw o  c o n se c u tiv e  sa m p le  p o in ts  N i and  N 2 su c h  th a t N j<  fV max<N2
6. E s tim a te  th e  d ig ita l c o n s ta n t f ra c tio n  tim e  b y  lin e a r  in te rp o la tin g  b e tw e e n  N i an d  N 2
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Threshold=fA0
time(ns)
Figure 3-12 The explanation of digital threshold timing algorithm.
Digital leading edge intercept algorithm
F ig u re  3-13  illu s tra te s  th e  d ig ita l le ad in g  ed g e  in te rcep t m e th o d . T h is  m e th o d  
in itia lly  p e rfo rm s  th e  sa m e  s tep s  (1 -4 ) as d e sc r ib e d  in ab o v e  d ig ita l co n s ta n t frac tio n  tim in g . 
O n ce  th e  th re sh o ld  is se t th en  fo llo w in g  s tep s  a re  re p ea ted  to  c o m p le te  th is  a lg o rith m .
1. S e lec t th e  le ad in g  ed g e  o f  th e  p u lse , from  th e  th re sh o ld  p o in t to  c lo se  to  th e  p u lse  
peak .
2. P e rfo rm  a lin e a r  re g re ss io n  o n  th e  le a d in g  edge  o f  th e  p u lse  an d  ex ten d  th e  lin ea r  
reg re ss io n  line  to  th e  p o in t w h e re  it in te rc e p ts  th e  x -ax is . T h e  in te rcep t v a lu e  is th en  
u sed  as th e  tim in g  m ark er.
T o  im p le m e n t th is  a lg o rith m  th e  sa m p lin g  ra te  sh o u ld  b e  h ig h  to  en su re  th a t a  m ax im u m  
n u m b e r o f  d a ta  p o in ts  a re  o n  th e  lead in g  edge.
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Threshold= fAo
Channels
Figure 3-13 The explanation of digital leading edge intercept algorithm 
Cubic fit algorithm
T h is  m e th o d  is a  m o d ifie d  fo rm  o f  th e  d ig ita l c o n s ta n t frac tio n  m eth o d . T h e  
fo llo w in g  s tep s  m a k e  it s lig h tly  d iffe re n t
1. P e rfo rm ed  th e  sam e  s tep s  1-4 o f  d ig ita l c o n s ta n t frac tio n  m e th o d
2. F in d  fo u r p o in ts  su ch  th a t x i< x 2< fV max< X3< X4
3. C o m p u te  th e  th ird -o rd e r  p o ly n o m ia l y  (x -x 2) th ro u g h  th em
4. F in d  th e  frac tio n  in d ex  w h e re  th e  th re sh o ld  fY max lies  o n  th e  fitted  line, u sed  as a 
cu b ic  fit tim e.
T h is  m e th o d  h as  b e e n  su c c e ss fu lly  te s ted  in a n o th e r  sep a ra te  s tu d y  (B a rd e lli, e t al. 2 0 0 4 ) 
u s in g  a  fast h ig h  re so lu tio n  A D C , w h e n  a p p lied  to  S ilico n  d e te c to rs  fo r tim e -o f-f lig h t 
m easu rem en ts .
Digital zero crossing method
T h e  o th e r  m e th o d  u sed  b y  m a n y  an a lo g u e  sy s tem s u se  fo r tim in g  m e a su re m e n t is th e  
ze ro  c ro ss in g , w h ic h  d e te rm in e s  th e  tim e  w h e re  a b ip o la r  p u lse  c ro sse s  th e  zero  ax is . In a
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d ig ita l sy s tem  it is e a sy  to  im p le m e n t th is  te c h n iq u e  in  so ftw are  u s in g  a  n u m erica l d e riv a tiv e  
a lg o rith m . A n  e x am p le  o f  th is  m e th o d  is illu s tra te d  in  F ig u re  3 -14 . T h e  m a in  s tep s  to  find  
th e  tim in g  m a rk e r  b y  th is  m e th o d  are
1. D e te rm in e  th e  d e riv a tiv e  o f  th e  p u lse  sh ap e  u s in g  a n u m erica l a lg o rith m .
2. F in d  th e  m a x im a  an d  m in im a  o f  th e  d e riv a tiv e .
3. F it a  lin ea r re g re ss io n  o n  a ll th e  d a ta  p o in ts  b e tw e e n  m a x im a  an d  m in im a .
4. F in d  a  p o in t w h e re  th e  fit lin e  c ro sse s  th e  tim e  ax is , w h ic h  is u sed  as th e  zero  
c ro ss in g  tim e.
T h e  zero  c ro ss in g  tim e  is in d e p e n d e n t o f  th e  p u lse  a m p litu d e  an d  th e re fo re  can  a lso  b e  u se  as 
th e  tim e  re fe re n ce  p o in t.
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Figure 3-14 Digital Zero crossing time measurement
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G a u s s ia n  f i t  m e th o d
T h e  tim in g  m a rk e r  o b ta in e d  u s in g  o n e  o f  th e  a lg o rith m s  d e sc rib e d  ab o v e  are  th en  
c h a ra c te rise d  in  d e ta il. In  o rd e r  to  m e a su re  th e  tim e  re so lu tio n  o f  th e  sy s tem  it is n e c e ssa ry  to  
m e a su re  th e  tim in g  re so lu tio n  re la tiv e  to  a  re fe re n ce  p o in t. It is n o t su ffic ien t to  m e a su re  the  
tim e  re so lu tio n  o f  th e  sy s tem  b y  c o m p a riso n  o f  th e  ex trac ted  tim in g  m a rk e r  w ith  th e  in te rn a l 
tim in g  o f  th e  d ig itise r  (i.e . th e  “ s ta rt t im e ” o f  e ach  cap tu red  w av e fo rm ). In s tead  so m e  s tab le  
m e a su re  o f  th e  rea l p u lse  tim e  m u st b e  ex tra c te d  from  each  p u lse  o n  an  ev e n t-b y -e v en t b asis . 
F o r  d a ta  acq u ired  from  a s in g le  d e te c to r , w h e re  th e re  is c o in c id e n c e  m ea su re m e n t, th e  real 
p u lse  tim e  (o r to) w as  m e a su re d  b y  p e rfo rm in g  a G au ss ian  p eak  fit to  th e  p u lse  shape . T h e  
fitted  cen tro id  w as  u sed  as an  accu ra te  e s tim a te  o f  to and  h en ce  th e  in trin s ic  tim in g  re so lu tio n  
o f  each  d ig ita l tim in g  a lg o rith m  co u ld  b e  m e a su re d  w ith  re sp ec t to  to.
T h e  p u lse s  w e re  firs t c o rre c ted  fo r an y  D C  o ffse t b y  u s in g  th e  b a se  line  co rrec tio n  
su b ro u tin e . T h e  G a u ss ia n  c e n tro id  o f  th e  fit w a s  th en  used  as a  re fe re n ce  p o in t to fo r each  
p u lse . A n  e x am p le  o f  a  d ig itise d  p u lse  an d  G a u ss ia n  fit is sh o w n  in  F ig u re  3 -15 . T h e  tim e  
d iffe re n c e  b e tw e e n  th e  G a u ss ia n  fit m ean  v a lu e  and  th e  tim e  m a rk e r  o b ta in e d  from  o n e  o f  
a b o v e  d e sc rib e d  m e th o d  is th en  u sed  to  e s tim a te  th e  tim e  re so lu tio n  o f  th e  d ig ita l a lg o rith m .
tim e(a.u)
Figure 3 -15  The fitted curve to find the internal reference point o f the pulse time. The pulse time t0 is 
measured as the fitted gaussian peak time.
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In  th e se  s tu d ie s  th e  a b o v e  d ig ita l a lg o rith m s  a re  a p p lie d  to  c h a ra c te rise  th e  D e m o n  d e te c to r  
( liq u id  sc in tilla to r)  p u lse  tim in g  a p p lic a tio n s . T h e  m a in  a p p lic a tio n  o f  th e  a b o v e  a lg o rith m s  
is  to  m e a su re  th e  n e u tro n  tim e -o f-f lig h t in  c o in c id e n c e  w ith  th e  g a m m a  ra y s  th a t is d isc u sse d  
in  ch ap te r5 .
3 .7 . S u m m a r y
In  th is  c h a p te r  th e  u se  o f  d ig ita l s a m p lin g  te c h n iq u e s  to  c h a ra c te r ise  b o th  th e  tim in g  
as w e ll as p u lse  sh ap e  d isc r im in a tio n  p ro p e rtie s  o f  liq u id  sc in tilla tio n  d e tec to rs  are  
d iscu ssed . T h e  a c c u ra c y  o f  tim in g  m e a su re m e n ts  is lim ited  in  re so lu tio n  b y  ra n d o m  w a lk  o f  
th e  p ic k -o f f  tim e  m a rk in g  d u e  to  v a r ia tio n  in  th e  p u lse  am p litu d e  an d  sh ap e , as w e ll as tim e  
j i t te r  in tro d u c e d  b y  a d d itiv e  n o ise  (K n o ll, 2 0 0 0 ). T h e  tim in g  re so lu tio n  c an  o n ly  b e  im p ro v e d  
b y  c o n v e n tio n a l a n a lo g  m e th o d s  th ro u g h  se v e ra l iso la te d  e le c tro n ic s  m o d u le  lik e  c o n s ta n t 
f ra c tio n  d isc rim in a to r . D ig ita l te c h n iq u e s  c an  s im p lify  th e  p e rfo rm a n c e  o f  sc in tilla tio n s  
d e te c to rs  w h e re  b o th  t im in g  in fo rm a tio n  a n d  P S D  are  req u ired . S o ftw a re  b a se d  P S D  and  
t im in g  a lg o rith m s  c an  b e  u se d  in  v a r io u s  n e u tro n  e x p e rim en ts  in  th e  tim e -o f-f lig h t m o d e  
o v e r  a  w id e  e n e rg y  ran g e . T h e se  a lg o rith m s  c an  b e  ap p lie d  to  th e  c u rre n t p u lse s  p ro d u c e d  
d ire c tly  fro m  th e  p h o to m u ltip lie r  tu b e  an d  th u s  re m o v in g  th e  n e e d  fo r  p ro c e s s in g  e le c tro n ic s , 
w h ic h  a re  ty p ic a lly  re q u ire d  in  an  a n a lo g  p u lse  p ro c e ss in g  sy stem .
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4 .  P u l s e  S h a p e  D i s c r i m i n a t i o n  a n d  T i m i n g  R e s u l t s
T h is  c h a p te r  d e sc rib e s  th e  d ig ita l p u lse  sh a p e  an a ly s is  te c h n iq u e s , u se d  in  th is  p ro je c t 
fo r tim in g , p u lse -h e ig h t sp e c tro sc o p y  a n d  p u lse  sh ap e  d isc rim in a tio n . V e ry  s im p le  so ftw a re  
b a se d  P S D  an d  tim in g  a lg o rith m s  w e re  u se d  to  c h a ra c te rise  th e  p u lse  sh ap e  an d  tim in g  
p ro p e rtie s  o f  a  D e m o n  n e u tro n  d e te c to r  ( liq u id  sc in tilla to r). T h e se  a lg o rith m s  can  b e  ap p lied  
to  th e  c u rre n t p u lse s  d ire c tly  fro m  th e  p h o to m u ltip lie r  tu b e  an d  th u s  re d u c in g  th e  b u lk  o f  
e lec tro n ic s  n e c e s sa ry  a t d if fe re n t s tep s  in  an  a n a lo g u e  p u lse  sh ap e  sy s tem . T h e  a p p lic a tio n  o f  
su c h  a lg o rith m s  c a n  b e  e x te n d e d  to  n e u tro n  g a m m a  co in c id e n c e  m e a su re m e n ts  an d  th e  d e ta il 
o f  su c h  a p p lic a tio n s  is d isc u sse d  in  c h a p te r  5.
T h e  c h a p te r  is  th e re fo re  o rg a n ise d  as fo llo w s; th e  in itia l te s t  o f  th e  p ro p o se d  d ig ita l 
m e th o d  u s in g  a  N a l  (T I) in o rg a n ic  sc in tilla to r  is p re se n te d  in  se c tio n  4 .1 . T h e  re m a in in g  
se c tio n s  a re  re la te d  to  th e  m e a su re m e n ts  u s in g  a  D e m o n  d e tec to r. S e c tio n  4 .2  sh o w s re su lts  
o f  d ig ita l P S D  in  th e  D e m o n  d e tec to r , in c lu d in g  th e  e x p e rim e n ta l se t-u p  an d  d e ta ile d  
p e rfo rm a n c e  o f  th e  d ig ita l P S D . T h e  la s t se c tio n  4 .3  is  c o n c e rn e d  w ith  th e  re su lts  an d  
p e rfo rm a n c e  o f  th e  d ig ita l tim in g  m e th o d s .
4.1. Initial test with Nal (TI) crystal
T h e  in itia l e x p e rim e n t to  te s t  th e  p e rfo rm a n c e  o f  th e  d ig ita l p u ls e  h e ig h t a lg o rith m  
w a s  c a rr ied  o u t u s in g  a  N a l  (T I) d e te c to r  ty p e  51 B 5 1 /2 . T h e  N a l  (T I) c ry s ta l h a s  a  lo n g  
d e c a y  c o m p o n e n t o f  2 3 0  n s  a n d  th e  lig h t e m itte d  h as  a  p e a k  w a v e le n g th  o f  415  n m . T h e  
c ry s ta l h a s  b e e n  o p tic a lly  c o u p le d  d ire c tly  to  a  p h o to m u ltip lie r  tu b e  w ith  a  s lig h tly  flex ib le , 
h ig h  re fra c tiv e  in d ex  o p tic a l c o u p lin g  m e d iu m . T h e  c ry s ta l a n d  P M T  a re  h e rm e tic a lly  sea led  
(g as  tig h t)  in  a  lig h t t ig h t h o u s in g  w ith  an  a lu m in iu m  o r b e ry lliu m  e n tra n c e  w in d o w . T h e  
D e te c to r  h a s  an  in te rn a l so lid  p -m e ta l h o u s in g  a ro u n d  th e  P M T  a n d  c a n  b e  su p p lie d  as p lu g -
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in  u n its  to  c o n n e c t to  a  v o lta g e  d iv id e r. T h e  N a l  (T I) d e te c to rs  a re  u se d  in  m a n y  s ta n d a rd  
a p p lic a tio n s  fo r  d e te c tio n  o f  g a m m a  ra d ia tio n  b e c a u se  o f  th e ir  g o o d  c o m b in a tio n  o f  e n e rg y  
re so lu tio n  an d  e ffic ien cy .
E x p e r im e n ta l  s e t-u p
In  o rd e r  to  c h a ra c te rise  th e  N a l  (T I) c ry s ta l, th e  o u tp u t p u lse s  fro m  th e  P M T  w e re  
d ig itise d  u s in g  a  fa s t w a v e fo rm  d ig itise r . T h e  c o n n e c tio n  d e ta ils  a re  sh o w n  in  F ig u re  4 -1 . 
T h e  P M T  a n o d e  p u lse s  w e re  f irs t p a sse d  th ro u g h  a  tim in g  f ilte r  a m p lif ie r  (T F A , ty p e  O rtec  
4 7 4 ) an d  th e n  fe d  to  th e  d ig itise r . T h e  T F A  w a s  u se d  to  a m p lify  th e  s ig n a l an d  p e rm it 
o p tim is in g  th e  s ig n a l- to -n o ise  ra tio . T h e  T F A  p ro v id e s  a  c o n tin u o u s ly  a d ju s ta b le  g a in  (2 X  to  
2 5 0 X ) an d  a  se p a ra te ly  se le c ta b le  R C  tim e  c o n s ta n t i.e . in te g ra te  an d  d iffe re n tia te  ra n g in g  
fro m  as lo w  as 4  n s  u p  to  0 .5  p s. T h e  g a in  w a s  se t to  10X  w h ile  b o th  d iffe re n tia tio n  an d  
in te g ra tio n  w a s  se t to  “ o u t” d u rin g  th e se  m e a su re m e n ts , w h ic h  m e a n s  e ffe c tiv e ly  8 n s  
d iffe re n tia tio n  and  8 n s  in te g ra tio n . A  h ig h -sp e e d  8-b it w a v e fo rm  d ig itiz e r  (A cq iris) w ith  a  1 
G S /s  sa m p lin g  ra te  w as  u se d . T h e  d ig itiz e r  h a d  a  h ig h  b a n d w id th  P C I  b u s  c o n n e c tio n  to  a  P C  
to  ach iev e  e v e n t-b y -e v e n t a c q u is itio n  o f  c o m p le te  d e te c to r w a v e fo rm s  a t re a so n a b le  e v e n t 
ra te s . T h e  P C  c o m p u te r  ru n n in g  d e d ic a te d  L a b v ie w  d a ta  a c q u is itio n  so ftw a re  w a s  u se d  to  
c a p tu re  th e  d ig itise d  w a v e fo rm s  o n  a n  e v e n t-b y -e v en t b a s is . T h e  L a b v ie w  so ftw a re  ex tra c te d  
th e  in fo n n a tio n  ab o u t th e  p u lse  sh a p e  an d  p u lse  h e ig h t u s in g  o n e  o f  th e  d ig ita l a lg o rith m s  
d e sc rib e d  c h a p te r  3 a n d  p lo tte d  h is to g ra m s  o f  th e  ex tra c te d  p a ra m e te rs . T o  in v e s tig a te  
d iffe re n t e v e n t en e rg ie s , th e  g a in  se ttin g  o f  th e  w a v e fo n n  d ig itiz e r  c o u ld  b e  c o n tro lle d  b y  
c o m p u te r  so ftw are . A  c o n v e n tio n a l M C A  w a s  a lso  u se d  to  o b ta in  th e  e n e rg y  in fo rm a tio n  o f  
th e  d e te c te d  ev en ts . T h e  M C A  re c o rd s  th e  s ig n a l am p litu d e  w ith  1 2 -b it p re c is io n  (4 0 9 6  
c h an n e ls)  an d  m a k e s  a  h is to g ra m  o f  s ig n a l am p litu d e .
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Figure 4-1A block diagram of the digital system used for PSD in demon detector
y - ra y  e n e rg y  s p e c t r a
T h e  m o s t fu n d a m e n ta l p a ra m e te r  w h ic h  m u s t b e  e x tra c te d  fro m  th e  d ig ita l p u lse  
sh ap e  a n a ly s is  is  th e  p u lse  a m p litu d e  an d  h e n c e  th e  ev en t en e rg y . In  a ll P S D  m e a su re m e n ts , 
it  is  o f  im p o rta n c e  to  m e a su re  th e  e n e rg y  o f  ev en ts  d e te c te d  b y  th e  d e tec to r. A  s im p le  
so ftw a re  a lg o rith m  w as  u se d  to  e x tra c t th e  in fo rm a tio n  o f  a m p litu d e  o f  each  p u lse . T h e  
d ig itise d  s ig n a l is  f irs t c o rre c ted  fo r  a n y  D C  o ffse t b y  su b tra c tin g  th e  av e ra g e  o f  a  few  (1 0 0 ) 
sam p le s  fro m  th e  w a v e fo rm  as sh o w n  in  th e  fo llo w in g  sk e tch . T h e  a lg o rith m  th e n  f in d s  a 
m a x im u m  p o in t in  th e  w a v e fo rm  an d  th e n  p lo ts  a n  a m p litu d e  h is to g ra m .
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Energy(a.u)
Energy(a.u)
Figure 4-2 The gamma rays energy spectra of Cs-137 measured from (a) Conventional MCA (b) digital 
system.
I t w a s  o f  in te re s t to  c o m p a re  th e  e n e rg y  sp e c tra  th a t w e re  p ro d u c e d  fro m  th e  d ig ita l 
sy s te m  w ith  th o se  o b ta in e d  u s in g  a  c o n v e n tio n a l a n a lo g u e  M C A , an d  to  th e  en e rg y  
re so lu tio n  o f  b o th  sy s tem s. A  C s-1 3 7  sp e c tru m  w a s  acq u ired  u s in g  a  N a l  (T I) d e tec to r, u s in g  
b o th  a  c o n v e n tio n a l 1 2 -b it a n a lo g u e  M C A  an d  o u r  8-b it d ig ita l sy stem . T h e  en e rg y  sp e c tra  
o f  b o th  sy s tem s a re  sh o w n  in  F ig u re  4 -2 . W h e n  irra d ia te d  w ith  g a m m a  ra y  so u rces , d u e  to  
h a v in g  a  h ig h  Z -v a lu e  th e  N a l  (T I) sp e c tra l p e rfo rm a n c e  sh o w s th e  p h o to  p e a k  in  th e  en e rg y  
sp ec tru m , th e re fo re  in d ic a tin g  th e  fu ll e n e rg y  p e a k  o f  th e  p h o to n  as d e sc r ib e d  b y  E q u a tio n  
2 -5 . T h e  m e a su re d  F W H M  e n e rg y  re so lu tio n  o f  b o th  sp e c tra  o b ta in e d  b y  th e  a n a lo g u e  and
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th e  d ig ita l sy s te m  are  R = 7 .9  %  a n d  R = 8 .3  %  re sp e c tiv e ly . T h e  re a so n  o f  s lig h tly  w o rse  
re so lu tio n  o f  th e  d ig ita l sy s te m  is  b e c a u se  o f  its  p o o r  A D C  re so lu tio n  co m p are  to  th e  
a n a lo g u e  sy stem . I t is  a lso  o b v io u s  th a t th e  lo w  e n e rg y  th re sh o ld  o f  th e  d ig ita l sy s te m  is 
s lig h tly  h ig h e r  th a n  fo r th e  M C A . T h e  a rb itra ry  h o riz o n ta l sca le  o f  th e  tw o  sp e c tra  is n o t 
equa l. T h e  D ig ita l sp e c tru m  is  b im ie d  in to  255  ch an n e ls . T h e se  lim its  w e re  d e fin e d  b y  th e  8- 
b it  re so lu tio n  o f  th e  d ig itise r . T h e  s lo w  c o u n t ra te  o f  th e  d ig ita l sy s te m  is lim ite d  b y  th e  
tra n s fe r  ra te  o f  d a ta  fro m  to  P C .
4.2. Digital pulse shape discrimination in Demon detection
T h is  se c tio n  d e sc r ib e s  th e  re su lts  o f  d iffe re n t d ig ita l te c h n iq u e s  a p p lie d  to  
c h a ra c te r ise  p u lse  sh ap e  d isc r im in a tio n  P S D  o f  a  n e u tro n  d e te c to r  f ro m  th e  E u ro p e a n  a rra y  
“D e m o n ” . T h is  sec tio n  th e re fo re  b e g in s  w ith  a  b r ie f  in tro d u c tio n  o f  th e  D e m o n  d e tec to r, th e  
d e te c to r  so u rc e  a rra n g e m e n t a n d  th e  e n e rg y  ca lib ra tio n . T h e  p e rfo rm a n c e  m e a su re m e n ts  o f  
th e  P S D  a lg o rith m s are  th e n  d isc u sse d  in  de ta il.
4.2.1. Demon detector (Liquid Scintillator)
D E M O N  s tan d s  fo r  D e te c te u r  M o d u la ire  d e  N e u tro n s  (m o d u la r  n e u tro n  d e tec to r). 
T h e  D e m o n  d e te c to r  a rray  c o n s is ts  o f  a  a p p ro x im a te ly  o n e  h u n d re d  in d iv id u a l la rg e  v o lu m e  
liq u id  sc in tilla to r  ce lls  fo r  n e u tro n  d e te c tio n , cap a b le  o f  n e u tro n  id e n tif ic a tio n  o v e r  a  la rg e  
e n e rg y  ran g e . D E M O N  m o d u le s  c a n  b e  se t in to  d iffe re n t g e o m e trie s  in c lu d in g  c y lin d rica l, 
sp h e ric a l an d  a  w a ll  c o n fig u ra tio n  (T ilq u in , M a sri, e t al. 1995). A  p h o to g ra p h  o f  o n e  o f  th e  
D e m o n  d e te c to rs  u se d  in  th is  w o rk  is  sh o w n  in  F ig u re  4-3 .
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Figure 4-3 A large volume DEMON liquid scintillator cell.
E ach  ce ll is c y lin d rica l o f  len g th  2 0 cm , h a s  a d ia m e te r  o f  16cm  and  c o n ta in s  n e a r ly  4  
litre s  o f  liq u id  sc in tilla to r  N E 2 1 3 . A s re p o rte d  ea rlie r  (T ilq u in , M asri, e t al. 1995), D E M O N  
h as h ig h  in tr in s ic  e ff ic ie n c y  o v e r  a  la rg e  e n e rg y  ran g e , 5 0 %  fo r n e u tro n s  o f  10 M eV  and  
ab o u t 5 0 %  fo r y -rays o f  1275 k eV . T h e  n eu tro n  d e te c tio n  e ff ic ie n c y  d e c re a se s  w ith  
in c re a s in g  en e rg y . D u rin g  a  ty p ic a l D em o n  ex p e rim e n t th e  e n e rg y  o f  fast n e u tro n s  is 
m ea su re d  b y  T O F  m e th o d s , th e re fo re  th e  n e u tro n  tran s it tim e  an d  its d isp e rs io n  w h en  
m easu red  b y  th e  d e te c to r  ce ll a re  tw o  im p o rta n t p a ra m e te rs  fo r n eu tro n  e n e rg y  m e a su re m e n t 
b y  th is  m e th o d
4 .2 .2 . P h o to m u l t ip l ie r  tu b e  p e r f o r m a n c e
T h e  s tan d a rd  w a y  to  d e te c t th e  sc in tilla tio n  ligh t is to  c o u p le  a sc in tilla to r  to  a p h o to  
m u ltip lie r  tube . T h e  p h o to m u ltip lie r  tu b e  c o n v e rts  a  w eak  sc in tilla tio n  lig h t p u lse  to  a 
c o rre sp o n d in g  e lec tr ica l s ig n a l an d  th e  q u a n tu m  e ffic ie n cy  o f  a  P M T  is th e  p r im a ry  fac to r, 
w h ic h  lim its  th e  d e te c to rs  sen s itiv ity . T h e re fo re , an  im p o rtan t c o n s id e ra tio n  w h en  se le c tin g  a 
p h o to m u ltip lie r  tu b e  is to  lo o k  at th e  q u an tu m  e ffic ie n cy  fo r th e  p a r tic u la r  e m iss io n  
w a v e le n g th  o f  a  sc in tilla to r . T y p ic a l v a lu e s  o f  th e  e m iss io n  w a v e le n g th  o f  v a rio u s
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sc in tilla to rs  are  lis te d  in  T a b le  2 -4 . In  th e  s ta n d a rd  D e m o n  d e te c to r  a  p h o to m u ltip lie r  tu b e  
ty p e  X P 4 5 1 2 b  (P h ilip s) w ith  a  d ia m e te r  o f  1 3 0 m m  (5 in ch ) is  c o n n e c te d  to  th e  ce ll 
c o n ta in in g  th e  liq u id  sc in tilla to r  N E 2 1 3 . T h e  P M  tu b e  h as  a  sp ec tra l se n s itiv ity  th a t co v e rs  a  
ra n g e  o f  2 8 0 -6 5 0 n m , w ith  a  p e a k  q u a n tu m  e ff ic ie n cy  o f  2 5 %  as sh o w n  in  F ig u re  4 -4 . T h e  
X P 4 5 1 2 b  tu b e  is v a lu e d  fo r  its  e x c e lle n t t im in g  p ro p e rtie s  h a v in g  a  r is e  tim e  o f  2 .5  n s  an d  
th e  fu ll w id th  h a l f  m a x im a  (F W H M ) o f  3 .8  n s. T h e  r ise  tim e  v a rie s  as a  fu n c tio n  o f  th e  h ig h - 
te n s io n  su p p ly  v o ltag e . T h e  b ia s  v o lta g e  w a s  n o rm a lly  se t a t 1700  v o lt  fo r  th e  D e m o n  
d e te c to r  u se d  in  th is  w o rk .
S k  ( n W W )
Wavelength (nm)
Figure 4-4 The Q.E. of a PMT type XP4512b as a function of wavelength, Data in the plot is from the 
supplier specification sheet (note Q.E=1.24x 106 Sk/X)
4.2.3. Experimental arrangement
T h e  a im  o f  th is  p a r t  o f  th e  p ro je c t w a s  to  d ev e lo p  d ig ita l p u lse  sh ap e  an a ly s is  
a lg o rith m s  to  in v e s tig a te  th e  n /y  P S D  p ro p e rtie s  an d  tim in g  p e rfo rm a n c e  o f  a  d ig ita l d a ta  
a c q u is itio n  sy stem . T o  ach ie v e  th is  an  A m -B e  m ix e d  so u rce  o f  fa s t n e u tro n s  an d  h ig h -e n e rg y  
g a m m a  ra y s  w a s  u sed . T h e  d e p a r tm e n t’s A m -B e  n e u tro n  so u rce  is c o n ta in e d  w ith in  a w a te r
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tan k , an d  h a s  an  a c tiv ity  o f  18 .02  G B q . In  a d d itio n  to  fa s t n e u tro n s  th e  so u rce  a lso  e m its  a  
s ig n if ic a n t n u m b e r  o f  g a m m a  ray s . T h e  p r im a ry  re a c tio n  m e c h a n ism  is th e  fo llo w in g  
reac tio n :
241+ m  ->  ™Np + cc(5.5MeV)
W h e re  th e  n e u tro n  is th e n  p ro d u c e d  b y  th e  a lp h a  p a r tic le  re a c tio n  w ith  9B e:
9Be + a  ->  n+nC+5.1MeV
O r th e  o th e r  p o ss ib le  re a c tio n  is
9Be + a ^ n +  12C* + \3M eV
W h e re  12C* th e n  d ecay s  to  a  lo w e r e n e rg y  s ta te  fo llo w e d  b y  a  g a m m a  d e c a y  w ith  an  
e n e rg y  4 .43  M eV . A n  e x a m p le  o f  th e  n e u tro n  e n e rg y  sp e c tru m  o b ta in e d  fro m  su ch  a  ty p e  o f  
so u rce  is  sh o w n  in  F ig u re  4 -5 , ta k e n  fro m  (G e ig e r an d  V a n  D e r  Z w a n  1975). T h e  v a r ia tio n  
in  th e  n e u tro n  e n e rg y  is  d u e  to  v a r ia tio n s  in  th e  a lp h a  p a rtic le  e n e rg y  b e fo re  in te ra c tin g  w ith  
9B e  an d  a lso  th e  e x c ite d  le v e l in  w h ic h  12C* is le ft, b e fo re  d e -e x c ita tio n  (V ijay a  an d  K u m a r 
1973). T h e  le tte rs  no n i ,  n 2, e tc  re p re se n t th e  n e u tro n  g ro u p s  c o rre sp o n d in g  to  d iffe re n t 
e x c ite d  e n e rg y  lev e ls  in  l2C.
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Figure 4-5A m -B e source energy spectrum  (G eiger and V an D er Zw an 1975).
T h e  4 .43  M eV  y -rays from  l2C* d e -e x c ita tio n  are  th e  d o m in a n t h ig h  en e rg y  g a m m a  
ray s  em itted  from  th e  n eu tro n  so u rce  tan k , h o w e v e r  th e re  a re  o th e r  p o ss ib le  reac tio n s  o f  
n e u tro n s  w ith  su rro u n d in g  m a te ria l th a t p ro d u c e  b ack g ro u n d  g a m m a  ray s, and  th e se  a re  
lis ted  in  th e  T ab le  4 -1 . T h e  n e u tro n  e m iss io n  ra te  from  th e  so u rce  is 2 .2 x l0 6 n /sec  p e r  C i
(L o rch , 1973), so th e  fast n e u tro n  flu en ce  at a  d is ta n c e  o f  162 cm  (so u rc e -d e tec to r  d is tan ce )
* 2is 3 .2  n /cm  sec , in  th e  ab sen ce  o f  a n y  w a te r  o r  o th e r  sh ie ld in g .
T able 4-1: L ist o f  Possible reactions producing gam m a ray background
E n erg y /k eV R eac tio n  M ech an ism
511 P a ir  p ro d u c tio n  b y  h ig h  e n e rg y  y -rays
1470 40K (p +)40A r, w h e re  40K  p re sen t in  th e  d e te c to r  m a te ria l
2223 'H  (n , y) 2H
4 4 3 2 D u e  to  d e -e x c ita tio n  o f  12C*
61 3 0 l60  (n , n )  l60 ‘
7645 56F e  (n , y) 57F e
74
Pulse Shape Discrimination and Timing Results
F ig u re  4 -6  sh o w s th e  so u rce  and  d e te c to r  a rran g em en t. T h e  D em o n  ce ll w as  
p o s itio n e d  o n  th e  su p p o rtin g  ra ils  im m e d ia te ly  a b o v e  th e  n e u tro n  so u rce . T o  p ro d u ce  fast 
n eu tro n s  in c id en t on  th e  d e te c to r  a  sea led  p la s tic  a ir  tu b e  w as  p la c e d  in to  th e  w a te r  ta n k  and  
p o s itio n e d  a b o v e  th e  so u rce  u s in g  s tee l ro d s  an d  c lam p . M o re  d e ta il a b o u t th e  lay o u t o f  the  
n e u tro n  tan k  is illu s tra te d  in  F ig u re  4 -7 . T h e  o v e ra ll so u rce  to  d e te c to r  d is ta n c e  w as  162 cm .
Figure 4-6 A photograph of the neutron source in the water tank. An air filled plastic pipe is used to 
produce fast neutrons incident on the detector.
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Figure 4-7 A schematic of neutron source and water tank (the distance between the air tube and Am-Be 
source is almost zero cm).
4 .2 .4 . C i r c u i t  d e s c r ip t io n
F ig u re  4-1 sh o w s a s im p le  b lo c k  d ia g ra m  illu s tra tin g  th e  b a s ic  e lem en ts  o f  th e  d ig ita l 
an d  an a lo g u e  sy s tem  u sed  to  p ro c e ss  th e  sc in tilla tio n  signals . T h e  d e ta il o f  th e  each  e lem en t 
o f  th e  d ig ita l sy s tem  is a lre a d y  d e sc rib e d  in  sec tio n  4 .1 . In th e se  m e a su re m e n ts  th e  cu rren t 
p u lse s  p ro d u c e d  d ire c tly  from  th e  p h o to m u ltip lie r  tu b e  w ere  d ig itise d  and  sav ed  o n to  the  
c o m p u te r  h a rd  d isk . A  sep a ra te  L ab v iew  an a ly s is  p ro g ram  w as  th en  u sed  to  an a ly se  and  
h is to g ra m  th e  d a ta  o fflin e .
T w o  d ig ita l P S D  a lg o rith m s w ere  u sed  in  th e  d a ta  an a ly s is  to  in v e s tig a te  th e  P S D  
p ro p e rtie s  o f  th e  d ig ita l te ch n iq u es . T h e se  w e re  ‘Q -ra tio ’ (Q R ) an d  ‘tim e  o v e r  th re s h o ld ’ 
(T O T ) a lg o rith m s  d e sc rib e d  in  sec tio n  3 .6 .2 . F o r  th e  T O T  a lg o rith m  a fix ed  th re sh o ld  v a lu e  
o f  2 0 0  m V  w as used . F o r  th e  Q R  a lg o rith m , th e  se n s itiv ity  o f  th e  P S D  p a ra m e te r  d e p e n d s  
s tro n g ly  o n  th e  p o s itio n  an d  w id th  o f  b o th  tim e  w in d o w s and  o n  th e  a sy m m e try  o f  th e  p u lse  
sh ap e . In  g en e ra l th e  ad v a n ta g e  o f  th e  Q -ra tio  m e th o d  c o m p ared  to  th e  T O T  m e th o d  is th a t 
all th e  d a ta  in  th e  p u lse  sh ap e  is sam p led  an d  th e  re su ltin g  P S D  p a ra m e te rs  h av e  a b e tte r  
s ig n a l to  n o ise  ra tio .
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4 .2 .5 . E n e rg y  c a l ib r a t io n
B efo re  in v e s tig a tio n  o f  th e  p e rfo rm a n c e  o f  th e  d ig ita l P S D  a lg o rith m s, it w as 
n e c e ssa ry  to  ca lib ra te  th e  D e m o n  d e tec to r. T h e  sam e  e x p e rim en ta l se t-u p  o f  F ig u re  4-1 w as 
u sed  to  c a rry  o u t an  en e rg y  c a lib ra tio n  o f  th e  d ig ita l sy stem . C a lib ra tio n  w as in itia lly  
c a rr ie d  o u t w ith  th e  g a m m a  so u rces  133B a, " N a ,  60C o  and  137C s. S in ce  o rg an ic  sc in tilla to r  is 
a  lo w  Z  m a te ria l and  th e  p h o to e le c tr ic  a tte n u a tio n  co e ffic ien t is v e ry  lo w , no  p h o to  p e a k  is 
g e n e ra lly  p ro d u c e d  e x cep t fo r v e ry  lo w  X -ra y  e n e rg ie s  (e .g . E <  4 5 k eV ). C o m p to n  S ca tte rin g  
is th e  d o m in a n t in te rac tio n  m e c h a n ism  an d  th e  C o m p to n  ed g e  e n e rg y  is th e re fo re  u sed  to  
c a lib ra te  th e  d e te c to r  fo r g a m m a  ray s. T a b le  4 -2  sh o w s th e  p h o to  p e a k  and  th e  C o m p to n  
ed g e  en e rg y  o f  th e  g a m m a  so u rces  u sed  in th e se  m easu rem en ts .
Table 4-2 Gamma ray sources used for calibration
S o u rce
y -E n erg y
(k eV )
C o m p to n  ed g e  
(k eV )
'^ B a 356 197
22N a 511 341
U7C s 662 477
“ C o 1252 1041
“ N a 1274 1062
In o rd e r  to  p re c ise ly  lo ca te  th e  C o m p to n  ed g e  o n  th e  sp ec tru m  fo r th e  c a lib ra tio n  
p ro cess , th e  c a lib ra tio n  m e th o d  ad o p ted  w a s  th a t d esc rib ed  b y  Ja s ta n ia h  and  S e llin  2004 . 
T h is  m e th o d  tak es  th e  lo ca tio n  o f  th e  C o m p to n  ed g e  to  b e  th e  ch an n e l m id w a y  b e tw e e n  th e  
p eak  ch an n e l and  th e  h a l f  m a x im u m  ch an n e l w ith in  th e  sp ec tru m . T h is  is illu s tra ted  in  th e  
fo llo w in g  sketch .
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Y
Yp
2
Y p  —
Ckannel(C) Cp Cp
T h e  C o m p to n  ed g e  c o rre sp o n d in g  to  th e  c h a n n e l n u m b e r o f  75 %  u p  th e  C o m p to n  ed g e  
co n tin u u m  in  each  c a se  w a s  e s tim a te d  u s in g  E q u a tio n  4 .1 .
A ll m e a su re m e n ts  fro m  th e  so u rc e s  w e re  ta k e n  b y  p o s it io n in g  th e  so u rce  c lo se  to  th e  
d e te c to r  ce ll. A b o u t 2 0 , 0 0 0  p u lse s  fro m  th e  d e te c to r  w e re  d ig itise d  fo r  th e  e ach  g a m m a  ra y  
so u rce  lis te d  in  T a b le  4 -2  an d  sa v e d  o n to  th e  c o m p u te r  h a rd  d isk . A  sep a ra te  L a b v ie w  
an a ly s is  p ro g ra m  w a s  th e n  u se d  to  a n a ly se  an d  h is to g ra m  th e  d a ta  o fflin e . T h e  e n e rg y  o f  
each  d ig itise d  p u lse  w a s  e x tra c te d  as th e  to ta l ch a rg e  ‘Q T* w h ic h  w a s  c a lc u la ted  u s in g  th e  
Q R  m e th o d . T y p ic a l g a m m a  ra y  e n e rg y  sp e c tra  acq u ired  u s in g  th e  d ig ita l p u lse  p ro c e ss in g  
sy s te m  are  sh o w n  in  F ig u re  4 -8 . T h e  o b se rv e d  C o m p to n  ed g es  a re  in d ic a te d  b y  en e rg ie s  in  
k e V  an d  th e  c o rre sp o n d in g  ch a n n e l n u m b e rs . T h e  lo w  en e rg y  th re sh o ld  o f  th e  d ig ita l sy s te m  
is  o b v io u s  fro m  a ll th re e  e n e rg y  h is to g ra m s . T h e  d ig ita l e n e rg y  c a lib ra tio n  cu rv e  fo r  th e  
D e m o n  d e te c to r is  sh o w n  in  F ig u re  4 -9 . T h e  e rro r in  th e  C o m p to n  ed g e  ch a n n e l w as 
e s tim a te d  b y  lo c a tin g  th e  p o s it io n  o f  c h a n n e ls  Cp. in  E q u a tio n  4 -1 . T h e  e q u a tio n  
Y = 2 7 .7 X + 4 .8  d e sc rib e s  th e  b e s t- f i t  l in e  to  th e  c a lib ra te d  d ata . T h is  c a lib ra tio n  w a s  th e n
Compton Edge =  CE =  +CP
Equation 4-1
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a p p lie d  la te r  to  n e u tro n  g a m m a  m ix e d  d a ta  in  o rd e r  to  ch eck  th e  p e rfo rm a n c e  o f  th e  d ig ita l 
P S D  in  d iffe re n t e n e rg y  reg io n s .
Figure 4-8 Gamma ray spectra showing Compton edges from the sources (a) 137Cs, (b) 60Co and (c) 22Na.
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Energy(MeV)
Figure 4-9 The gamma ray calibration data for the Demon detector. The shown line is the best fit to the 
data.
4 .2 .6 . Q - r a t io  d ig i ta l  p u ls e  s h a p e  d is c r im in a t io n
T h e  d e te c to r  w a s  th e n  su sp e n d e d  o v e r  th e  n e u tro n  ta n k  in  a  v e rtic a l p o s it io n  as 
sh o w n  in  F ig u re  4 -6 . T h e  d e te c tio n  sy s te m  w a s  e x p o se d  to  a fa s t n e u tro n  flu x  b y  p la c in g  th e  
a ir  tu b e  in s id e  th e  w a te r  tan k . A b o u t 3 0 ,0 0 0  p u lse s  fro m  th e  d e te c to r  w e re  d ig itise d  a t a  
sa m p lin g  ra te  o f  G S /s  a n d  sa v e d  o n to  th e  c o m p u te r  h a rd  d isk  fo r  fu r th e r  p u lse  sh ap e  
an a ly sis .
T h e  n e u tro n /g a m m a  P S D  u s in g  th e  Q R  a lg o rith m s w a s  in v e s tig a te d . T h e  to ta l ch a rg e  
Q t ,  fa s t c h a rg e  Q f, an d  th e  s lo w  ch a rg e  Q s w as  m e a su re d  fo r  e a c h  p u lse  an d  th e n  2 D  
in te n s itie s  p lo ts  o f  (a) Q r -Q t  (b ) Q s -Q t an d  (c) Q f-Q t w e re  g en era ted . In  th e se  
m e a su re m e n ts  th e  ty p ic a l tim e  re la tio n s  fo r  th e  fa st, s lo w  and  th e  to ta l c h a rg e  w in d o w s  is 
sh o w n  in  F ig u re  3 -11 . T h e  b e g in n in g  o f  th e  Q s w in d o w  is to  b e  c o n s id e re d  as a  p a ra m e te r
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w h o se  c h o ice  can  b e  b a se d  u p o n  th e  m a x im iz a tio n  o f  th e  a c h ie v a b le  sep a ra tio n . T h e  
o p tim iz a tio n  o f  th e  t im in g  w in d o w s  is  d isc u sse d  la te r  in  th is  sec tio n . A s  a n  ex am p le , F ig u re  
4 -1 0  sh o w s th e  ty p ic a l 2D  in te n s ity  p lo ts  o f, Q s -Q t, Q f - Q t  an d  Q r - Q t  m e a su re d  w ith  an  
A m -B e  so u rce  w ith  th e  a ir  tu b e  p re se n t. I t is  in te re s tin g  to  n o te  th a t a ll a lg o rith m s p ro v id e  
n /y  d isc r im in a tio n  b e tw e e n  fa s t n e u tro n s  sc a tte re d  in  th e  sc in tilla to r  a n d  g a m m a  ra y  ev en ts . 
A lth o u g h  a ll m e th o d s  sh o w  a  c le a r  d is c r im in a tio n  b e tw e e n  th e  tw o  c la sse s  o f  ev en ts , so m e  
ev id e n c e  o f  s lig h t b e tte r  p e rfo rm a n c e  o f  th e  Q r - Q t  m e th o d  a re  v is ib le . T h e  sam e  tim in g  
w in d o w s  ( ti= 2 4  n s  an d  t2= 140  n s)  h a v e  b e e n  u se d  fo r  a ll th e  m e th o d s . I t  is  a lso  co n c lu d e d  
fro m  th e se  p lo ts  th a t th e  m a in  l im ita tio n  o f  th e  n /y d isc r im in a tio n  is  a sso c ia ted  w ith  th e  
f lu c tu a tio n  o f  th e  c h a rg e  in  th e  s lo w  c o m p o n e n t o f  th e  p u lse . A  g a m m a  c a lib ra tio n  te s t w as  
also  ca rr ie d  o u t an d  th e  F ig u re  4-11  sh o w s th e  sa m e  ty p e  o f  2 D  in te n s itie s  p lo ts  as in  F ig u re
4 -1 0  w h e n  th e  a b o v e  a lg o rith m s  w e re  a p p lie d  to  p u lse s  fro m  th e  C o -6 0  g a m m a  so u rce , h i  
th e  n e x t m e a su re m e n t to  te s t  th e  in te n s ity  o f  n e u tro n s , th e  a ir  tu b e  p ro d u c in g  th e  fa s t n e u tro n  
w a s  re m o v e d  fro m  th e  w a te r  ta n k  an d  th e  sa m e  m e a su re m e n t w a s  rep ea ted . T h e  th e rm a l 
n e u tro n s  th e n  b e c o m e  th e  m a jo r  c o m p o n e n t o f  th e  n e u tro n  flux . B y  k e e p in g  a ll p a ra m e te rs  
in c lu d in g  th e  Q t an d  Q s tim e  w in d o w s , th e  sam e  2D  in te n s itie s  p lo ts  o f  v a rio u s  P S D  
m e th o d s  are  re p re se n te d  in  F ig u re  4 -12 . It is  c le a r  th a t th e  in te n s ity  o f  th e  fa s t n e u tro n s  h as  
re d u c e d  d ra m a tic a lly  c o m p a re d  to  a  F ig u re  4 -1 0 . T h is  d a ta  c o n firm s  th a t a ll th e  d e sc rib e d  
P S D  m e th o d s  a re  c a p a b le  to  d isc r im in a te  fa s t n e u tro n s  ag a in s t g a m m a  ra y s  b u t th e  c h o ic e  o f  
im p le m e n ta tio n  d ep en d s  u p o n  th e  o p tim isa tio n  o f  t im in g  w in d o w s.
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Figure 4-10 QR 2D intensity distribution in (a) QR -QT space (b) Qs -QT space (c) Qf-Qt space from 
Am-Be source with the air tube in place to allow fast neutrons to enter the detector.
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Figure 4-11 QR 2D intensity distribution in (a) QR -QT space (b) Qs -QT space (c) Qk-Qt space from 
Co-60 gamma source.
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Figure 4-12 QR 2D intensity distribution in (a) QR -QT space (b) Qs -QT space (c) QF-QT space from 
Am-Be source but with the air tube removed away from the water tank so that fast neutrons are strongly 
suppressed.
84
Pulse Shape Discrimination and Timing Results
Optimisation of the timing windows
A lth o u g h  th e  im p le m e n ta tio n  o f  th e  ab o v e  P S D  m e th o d s  is v e ry  s im p le  and  
s tra ig h tfo rw ard , th e se  are  su b o p tim a l m e th o d s  and  n eed  a p ro c e d u re  to  o p tim ise  th e  PSD  
p erfo rm an ce . T h e  o p tim isa tio n  o f  th e  ch o ic e  o f  b o th  th e  Q t  tim e  w in d o w  ‘t2 and  th e  s ta rt o f  
Q s w in d o w  ‘tj ’ w as c a rried  o u t b y  s tu d y in g  th e  d e p en d en ce  u p o n  th em  o f  th e  figu re  o f  m erit 
(F O M ) d isc u sse d  la te r in  th is  sec tio n . T h e  th re sh o ld  tim e  ‘to’ w as  se t to  a  p o in t w h e re  the  
am p litu d e  reach es  50%  o f  its  m a x im u m  va lu e . T h is  s ta rtin g  tim e  w as  th en  k ep t th e  sam e 
th ro u g h o u t th e  re m a in in g  m easu rem en ts .
A  q u an tita tiv e  e s tim a te  o f  th e  P S D  re so lv in g  p o w e r o f  n /y d isc rim in a tio n  can  b e  
m ad e  b y  p ro je c tin g  th e  2D  d a ta  o n to  a  ID  p lo t a lo n g  the  v e rtica l ax is . S in ce  th e  n eu tro n  and  
g a m m a  b an d s  in  all 2D  p lo ts  are  n o t lin ea r an d  in s tead  h av e  a cu rv ed  shape , an  o v e rlap  is 
ex p ec ted  w h en  su ch  d a ta  a re  p ro je c te d  o n to  a ID  p lo t. T h e re fo re , th e  2D  p lo ts  w e re  first 
ro ta te d  to  re p lace  th e  v e rtic a l ax is  b y  (x  tanO +  y) w h ile  k e e p in g  th e  sam e e n e rg y  
(h o rizo n ta l)  ax is . T h e  ex am p le  o f  su ch  ro ta tio n  is sh o w n  in  F ig u re  4 -1 3 .
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Figure 4-13 Example showing the rotation of 2D PSD plot before projecting to ID plot.
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T h e  ro ta tio n  an g le  ‘9 ’ w a s  th e n  o p tim iz e d  fo r each  2D  p lo t as w e ll as fo r  each  en e rg y  
g a te  to  o b ta in  th e  b e s t ID  p lo t sh o w in g  w e ll d e fin ed  n e u tro n  an d  a  g a m m a  p eak s . T w o  
e n e rg y  g a te s  w e re  a p p lie d  a t lo w  (0 .5 -1 .5  M e V e e ) an d  h ig h  (1 .5 -2 .8 M eV e e ) to  in v e s tig a te  
th e  p e rfo rm a n c e  o f  th e  d ig ita l P S D  m e th o d s . F ig u re  4 -1 4  sh o w s ID  p lo ts  p ro je c te d  fro m  2 D  
p lo ts  o f  F ig u re  4 -1 0  fo llo w in g  th e  p ro c e d u re  d e sc rib e d  above. T h e  d e g re e  o f  sep a ra tio n  is 
q u a n tif ie d  b y  e v a lu a tin g  th e  f ig u re  o f  m e rit (F O M ), w h ic h  is  n o rm a lly  ad o p ted  fo r  th is  
p u rp o se  (Ja s ta n ia h  an d  S e llin , 2 0 0 2 ), d e fin ed  as
FOM - n,p Peabs separation
F +Fy  n
W here Fy and Fn is the full w idth at h a lf  m axim um  o f  gam m a and neutron peaks respectively. 
I t  w a s  fo u n d  w h ile  o p tim iz in g  th e  t im in g  w in d o w s  th a t th e  d eg re e  o f  se p a ra tio n  w a s  in itia lly  
s tro n g ly  d e p e n d e n t u p o n  th e  Q T w in d o w , re a c h in g  h o w e v e r  v e ry  so o n  a  c o n d itio n  in  w h ic h  
a d d itio n a l in c rease s  o f  th e  Q t  w in d o w  p ro d u c e  a  m in o r  im p ro v e m e n t to  th e  P S D  
p erfo rm an ce . It fo llo w s th e re fo re  th a t a  lo n g  to ta l Q t  w in d o w  o f  140 n s  w as  se le c te d  fo r 
th e se  se ts  o f  m easu rem en ts .
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Figure 4-14 PSD spectra projected from the data in Figure 4-10 where ti =24 ns and t2=140 ns was 
optimized. The plots (a, c, e) and (b, d, f) are at low and high energy respectively.
T ab le  4-3  a n d  T a b le  4 -4  sh o w s th e  v a lu e s  o f  f ig u re  o f  m e r it  (F O M ) o f  th e  th re e  
d ig ita l P S D  m e th o d s  fo r  d iffe re n t v a lu e s  o f  s ta rt o f  th e  Q s w in d o w  i.e . ‘t \ \  a t lo w  an d  h ig h - 
e n e rg y  ga tes  re sp ec tiv e ly . I t  c an  b e  fo u n d  fro m  th e se  re su lts , th a t th e  b e s t  v a lu e  o f  th e  s ta rt 
o f  th e  Q s w in d o w  is 2 4  n s  fo r  a ll th e  m e th o d s . It is  a lso  c o n c lu d ed  fro m  th is  d isc u ss io n  th a t 
Q r -Q t  P S D  sh o w s th e  b e s t p e rfo rm a n c e  a m o n g  th e  o th e r  m e th o d s  w ith  a  F O M  o f  1 .2  and  
1.5 a t lo w  as w e ll as a t h ig h  e n e rg y  re sp ec tiv e ly . T h e  F O M  fo r th e  lo w  en e rg y  e v e n ts  is  
re d u c e d  d u e  to  th e  e ffe c t o f  n o ise  o n  th e  lo w  am p litu d e  p u lse s , w h ic h  ten d s  to  b ro a d e n  th e
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p eak . T h e  F O M  v a lu e s  sh o w  a  s im ila r  tre n d  to  th o se  re p o rte d  b y  M oszynslc i e t al. 1992 (1 .65  
an d  2 .6 5 ), w h ic h  ty p ic a lly  u se d  a  d o u b le  c h a rg e -to -d ig ita l c o n v e rte r  to  in teg ra te  th e  to ta l and  
s lo w  ch arg e . A lth o u g h  o u r  v a lu es  o f  F O M  are  lo w er, th e y  a re  a c h ie v e d  u s in g  a  so ftw a re -  
b a se d  a lg o rith m , w h e re  a ll th e  o p tim iz a tio n  p a ra m e te rs  a re  c o n tro lle d  b y  c o m p u te r  so ftw are .
Table 4-3Effect of timing windows on the performance of the 
Digital PSD methods evaluated at low energy (0.5-1.5MeVee)
S ta rt o f  th e  
ta il (ti)
F O M
Q r Q s Q f
16 ns 1.0 0.8 -
2 4  n s 1.2 1.1 0.7
32 ns 1.0 0.9 0.8
40  n s 0 .9 0.9 -
48  n s 0 .9 0.8 -
Table 4-4Effect of timing windows on the performance of the 
Digital PSD methods evaluated at high energy (1.6-2.8 MeVee)
S ta rt o f  th e  
ta il ( ti)
F O M
Q r Q s Q f
16 n s 1.2 0.9 0.7
2 4  ns 1.5 1.3 1.0
32  ns 1.3 1.2 1.0
4 0  ns 1.1 1.3 1.0
48  ns 1.2 1.2 1.0
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4 .2 .7 . T O T  P S D  a lg o r i th m
T h e  d ig ita l P S D  p e rfo rm a n c e  o f  th e  tim e  o v e r  th re sh o ld  “T O T ” a lg o rith m  w as  a lso  
in v e s tig a te d  to  m a k e  a  d ire c t c o m p a riso n  a g a in s t th e  Q R  a lg o rith m . T h e  “T O T ” a lg o rith m  
req u ire s  a  se ttin g  o f  th re sh o ld  as lo w  as p o ss ib le  w ith o u t cau s in g  a  fa lse  tr ig g e r  d u e  to  s ig n a l 
n o ise . T h e  a lg o rith m  w a s  a p p lie d  to  th e  sa m e  d a ta  se ts  o f  F ig u re  4 -1 0  a n d  F ig u re  4 -1 1 . A  
c o n s ta n t th re sh o ld  o f  2 0 0  m V  w a s  u se d  to  o b ta in  th e  P S D  p e rfo rm a n c e  o f  th e  “ T O T ” 
m e th o d . A  2D  p lo t  o f  r ise  tim e  d e r iv e d  fro m  th e  T O T  a lg o rith m  v e rsu s  p u lse  en e rg y  o f  
d iffe re n t ev en ts  is  sh o w n  in  F ig u re  4 -1 5 . T h e  m e a su re d  n/y P S D  is  le ss  th a n  th e  o n e  ach iev ed  
w ith  Q R  a lg o rith m . T h e  F O M  in  th is  c a se  is  n o t w e ll d e fin ed  d u e  to  o v erlap  o f  th e  tw o  
p eak s . B y  c o m p arin g  F ig u re  4 -1 0  an d  F ig u re  4 -1 5 , an  id en tica l b e h a v io u r  (sh ap e  o f  p lo ts )  is 
o b se rv e d  fro m  th e  Q R  an d  T O T  a lg o rith m . T h e  w o rse  p e rfo rm a n c e  o f  T O T  a lg o rith m  m a y  
b e  d u e  to  th e  n o ise  a ffe c tin g  th e  a lg o rith m , w h ic h  ca n  b e  im p ro v e d  b y  in te g ra tin g  th e  s ig n a l 
as in  th e  Q R  a lg o rith m . T h is  s tu d y  c o n c lu d es  th a t th e  Q R  m e th o d  is  m o re  fav o u rab le  w h e n  
a p p lie d  to  cu rre n t p u lse s  fro m  th e  d e tec to r.
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Figure 4-15 2D plot of TOT versus Energy measured from Am-Be source (a) with air pipe (b) no air pipe
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4.3. Results of Digital Timing Algorithm
The performances of each of the four digital timing algorithms described in section
3.6.2 were tested in the following experiments. These algorithms were the threshold timing 
(lineai- and cubic interpolation), intercept timing and the zero crossing methods. The primary 
measure of performance in each case was the timing resolution, or jitter, which was studied 
as a function of software threshold, pulse amplitude and digital sampling rate. Each timing 
algorithm was applied to the digitised pulses and the timing marker t was calculated for each 
pulse on event-by-event basis. For each pulse the event time t was then calculated by using 
Equation 4-2, where to is an absolute time zero reference point obtained using Gaussian fit 
equation. This situation is illustrated by an example shown in Figure 4-16.
real event time — t = t0 —t r
Equation 4-2
The time resolution is then the full width at half maximum (FWHM) of the 
distribution of time t. This time resolution has been divided into two components 
corresponding to t0 and t' defined above. The overall approximation of timing resolution is 
given by Equation 4-3:
At = (At'2 + A/02)1/2
Equation 4-3
hi these measurements, it was supposed that there is a zero, or minimal uncertainty in 
the time zero reference; therefore any uncertainty in event time t reflects the timing 
resolution of the pulse analysis algorithms.
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time(sec)
Figure 4-16 Example to calculate the event time. The timing marker t is obtained using the intercept 
method while the time zero reference point t0 is the mean value of the Gaussian fit to the data.
4.3.1. Software threshold effect
In this section the time resolution of the threshold, intercept and zero crossing 
methods was investigated as a function of the software threshold. Each algorithm was 
applied to the digitised pulses from a Co-60 gamma ray source. In each case the time zero 
reference point was calculated as shown in Figure 4-16 and the event time histogram was 
generated. The resulting time resolution versus threshold data is shown in Figure 4-17 for a 
sampling rate of 2.5 GS/s.
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Figure 4-17 The time resolution versus threshold for a sampling rate of 2.5GS/s. The zero crossing data 
is independent of threshold, and is included only for reference
The first 150 sample points of each waveform were averaged and subtracted to 
perform a base line correction. It is can be seen that the timing resolution of the intercept 
method is strongly dependent on the software threshold and increases significantly as the 
threshold is raised from 10% to 50%. This is because the leading edges of the pulses show a 
non-linear shape at amplitudes greater than 50% of the maximum amplitude. The example of 
this non-linear shape of the digitised pulse is shown in Figure 4-18. Also the performance of 
the intercept method is improved at low threshold because a larger number of sample points 
are used on the leading edge to extrapolate the intercept. With a threshold of 10% of the 
pulse amplitude a value for the timing resolution of 1.3±0.1 ns was obtained using the 
intercept method.
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Figure 4-18 Waveforms showing non-linear shape of leading edge above 50% threshold value
The threshold method used two types of interpolation algorithms (linear and cubic) 
and showed improved timing resolution and almost constant behaviour at different 
thresholds. These methods, like the conventional analogue constant fraction technique, 
reduce the time walk effect due to different pulse amplitudes. The timing resolution 
measured by each of these two algorithms at 10% of pulse amplitude is 1.3+0.1 ns. On the 
other hand the zero crossing time is by definition independent of the threshold. For 
comparison, Figure 4-17 also shows the time resolution obtained with the zero crossing 
algorithm. The complete results showing the performances of all the described algorithms 
and their dependence on threshold are summarised in Table 4-5.
94
P u ls e  S h a p e  D is c r im in a t io n  a n d  T im in g  R e s u lt s
Table 4-5 The effect of threshold on timing resolution
TH
R
ES
H
O
LD
INTERCEPT
TIMING
THRESHOLD TIMING
Linear Interpolation Cubic Interpolation
Centroid FWHM Centroid FWHM Centroid FWHM
(%) (ns) (ns) (ns) (ns) (ns) (ns)
10 15.3+0.1 1.3+0.1 14.4+0.1 1.3+0.2 14.5+0.1 1.2+0.1
20 14.8+0.1 1.8+0.1 12.4+0.1 1.2+0.1 12.5+0.1 1.2+0.1
30 14.8+0.1 2.3+0.2 10.9+0.1 1.2+0.1 10.9+0.1 1.2+0.1
40 14.9+0.1 3.1+0.2 9.5+0.1 1.2+0.1 9.5+0.1 1.3+0.1
50 15.0+0.1 4.2+0.2 8.1+0.1 1.2+0.1 8.2+0.1 1.2+0.1
It is also interesting to note from Table 4-5 that cubic fit interpolation gives very 
similar results to the linear interpolation method. This is because the shape of the pulse near 
the threshold was mostly found to be linear for the given set of data and therefore the event 
time is independent of the number of interpolation points. This situation can be seen clearly 
from Figure 4-19, where the linear and cubic fits are used to calculate the event time. It is 
predicted from these measurements that two interpolation methods can show slightly 
different performances when applied to pulses having a non-linear shape near threshold. In 
addition, the two methods can diverge when the sampling rate is reduced as discussed in 
section 4.3.3. Finally, it is obvious from Equation 4-2 that the real event time is strongly 
dependent upon the timing marker t . This dependence can also be seen from the results in 
Table 4-5, where the centroid of the event time moves to a higher value with decreasing 
threshold, using either of the threshold interpolation methods. In contrast, the results of the 
intercept method show that the centroid has a constant value for different values of
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threshold. This is again expected from the definition of the intercept method, as the intercept 
point is effectively independent of threshold.
time(sec)
Figure 4-19 Example showing a linear and cubic interpolation for the threshold method. Only two 
sample points are used for the linear interpolation, whereas four points are used for the cubic fit method.
4.3.2. Variation with Pulse amplitude
Full 2D event-by-event histograms were plotted of the event time t versus the pulse 
amplitude calculated using the threshold (linear interpolation) method. The FWHM of the 
locii of each plot is the time resolution At (Equation 4-3) as a function of amplitude. The 
purpose of this data was to investigate the variation in the timing resolution with pulse 
amplitude. A gamma ray source Co-60 was used throughout this experiment. Figure 4-20 
shows the 2D histogram of threshold time versus pulse amplitude plotted event-by-event. 
These results are plotted for a sampling rate of 2.5 GS/s at two different threshold values. It 
is observed that there are some events indicated by a left bracket occurring at above 16 ns 
along time axis in Figure 4-20a, at lower amplitude. These events disappeared in Figure
4-20b when the threshold level was increased to 20%. The same effect was observed when 
the measurement was repeated using the intercept method. These studies therefore suggest 
that the timing algorithms when applied to current pulses require setting a software threshold
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as low as possible without causing false triggers due to signal noise. Secondly the time 
resolution is worse at lower amplitude than at higher amplitude. This is because the base line 
noise is larger as a fraction of the signal height at low amplitude, which is the main source of 
timing uncertainty.
20 40 60 80 100
Energy(a.u)
Figure 4-20 2D histogram of time distribution (threshold method) versus amplitude (a) 10% threshold 
(b) 20% threshold. The data are plotted for Co-60, a gamma ray source.
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4.3.3. Dependence on sampling rate
Digital sampling is the process of converting an analogue signal that is continuous in 
time and magnitude into a finite number of discrete data points. In these measurements the 
output pulses from the detector were digitised at different sampling rates using a digital 
oscilloscope. Different sampling rates were selected by adjusting the hardware options of 
oscilloscope. A gamma ray source, Co-60 was used during this set of experiments. The main 
purpose of this data was to investigate the variation in timing resolution with the sampling 
rate. The dependence of the timing resolution on the sampling rate for the four timing 
methods (intercept, threshold with linear, threshold with cubic and zero crossing) is 
displayed in Figure 4-21. This data is plotted for a threshold value of 20 % of the pulse 
maximum amplitude. This value was chosen as lower threshold has shown poor resolution 
described earlier in section 4.3.1.
In order to get more data points and to obtain a better understanding on the 
importance of sampling rate, the sample sequences collected at the 2.5 GS/s sampling rate 
using hardware setting were manipulated to imitate acquisitions at low sampling rates using 
a software program. This was done simply by selecting every second, third, fourth etc 
sample for 1.25, 0.83, 0.63 GS/s etc respectively. The data of this measurement is plotted in 
Figure 4-22 for comparison to that obtained using hardware setting in Figure 4-21. Note that 
the software reduction of the sampling rate shows good consistency with the actual hardware 
reduction, where the two sets of data can be directly compared.
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Figure 4-21 The digital time resolution versus sampling rate. A constant threshold of 20% of pulse 
amplitude was used for all methods.
zero
threshold(cubic)
threshold(linear)
intercept
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75
Sampling rate(GS/s)
Figure 4-22 The same as in Figure 4-21 except the different sampling rate was obtained using a software 
program and the actual data acquired at 2.5 GS/s.
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Figure 4-21 and Figure 4-22 shows that for all methods except the zero crossing, the 
data collected at a sampling rate lower than 500 MS/s does not enable successful timing 
information. This is because the lower sampling rates mean that only 2 or 3 samples points 
are available on the leading edge (rise time of pulses-10 ns) and this situation leads to large 
timing uncertainty in both the timing marker cts as well as in reference time ‘V , already 
defined in Equation 4-2. This effect can be minimised by applying a proper algorithm to find 
the timing marker. Although, it is generally believed that the best timing algorithm for 
scintillator detector pulses is constant fraction timing method, our data shows a slightly 
different result. The zero crossing method is found to be the best among the different 
analysis digital methods. The reasons that the zero crossing method shows a significantly 
better resolution particularly at lower sampling rate are because of the low noise in the base 
line, less fluctuations in the leading as well as in the falling edge of a current pulse as 
compared to high sampling rate. These types of fluctuation can be seen in Figure 4-18, 
where two waveforms are shown at high sampling rate of 2.5GS/s. Due to these effects, the 
bipolar shape of the pulses captured at low sampling rate produces more linear data points 
between the maxima and minima value in the zero crossing method, which ultimately 
reduces the uncertainty in the timing marker.
The non-linear behaviour of the leading edge is also the main source of uncertainty in 
the timing marker estimated by the intercept method. The effect of sampling rate on the 
performance of the zero crossing method is also shown in the 2D plot of time resolution 
versus pulse amplitude in Figure 4-23. It is also interesting to note from Figure 4-21 that, as 
expected, the threshold timing method provides a slightly improved result at lower sampling 
rate when the linear interpolation is replaced by the cubic interpolation. This is due to the 
fact that cubic interpolation minimises the uncertainties associated with the non-linear 
curvature of pulses near the threshold particularly at low sampling rate.
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Energy(a.u)
Figure 4-23 2D histogram of Zero Crossing time distribution versus amplitude (a) 2.5GS/s (b) 0.5GS/s. 
The data for a Co-60 gamma source is plotted.
Table 4-6 summarise the results of the sampling rate effect on timing resolution. 
These results show the importance of sampling rate on timing resolution of the digital 
system. The small difference between the 1.25 GS/s and 2.5 GS/s resolution results for all 
digital analysis methods suggest that a further increase in the sampling rate may not lead to 
significant enhancement in the resolution. This can be seen from Table 4-6, which shows 
that all the methods become independent of sampling rate at above 0.5 GS/s. It is concluded 
from the above discussion that the minimum number of samples on the leading edge of a 
current pulse required for a good timing resolution is about 5 (0.5 GS/s for 10 ns rise time), 
10 samples (~1 GS/s) appears to give the full time resolution in our system.
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Table 4-6 Dependence of time resolution on sampling rate
SAMPLING
RATE
(MS/S)
THRESHOLD
METHOD INTERCEPTMETHOD
(NS)
ZERO-
CROSSING
(NS)Cubic
(ns)
Linear
(ns)
83 5.2+0.2 4 .8+0.2 - 1.8+0.1
125 1.9+0.1 2.5+0.2 4.2+0.2 1.7+0.1
250 1.4+0.1 1.9+0.1 1.5+0.1 0.7+0.1
500 1.4+0.1 1.6+0.1 1.9+0.2 0.9+0.1
630 1.4+0.1 1.6+0.1 2.0+0.1 1.1+0.1
830 1.5+0.1 1.5+0.1 2.1+0.1 1.1+0.1
1250 1.5+0.1 1.6+0.1 2.2+0.1 1.2+0.1
2500 1.4+0.1 1.4+0.1 2.3+0.1 1.2+0.1
4.4. Conclusion
In this chapter, the use of digital data acquisition techniques to explore the PSD and 
timing properties was presented. The performance of the analysed PSD algorithms (Q-ratio 
and time over threshold) methods was investigated using a large volume liquid scintillator 
(Demon detector). The PMT anode pulses were directly digitised using an 8-bit waveform 
digitiser with 1 ns time resolution. Due to the variation in pulse shape, the neutron and 
gamma ray pulses carry different charge in their tail. The data was analysed in terms of 2D 
intensity plots of event energy and PSD parameter including Qs, Q r  and Q f on an event-by- 
event basis. The quality of separation of two events was then quantified by projecting the 2D 
data into ID data and then by measuring the figure of merit (FOM). It was observed that the 
width of the timing windows, particularly the start of the tail, strongly affects the 
performance of the analysis methods. An FOM of 1.5 was measured in this work using Q r  
(Q-ratio) method, which is consistent with that of 1.65 obtained using a double charge-to-
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digital converter (Moszynslci, et.al. 1992). The radiation source used in both cases was Am- 
Be. The quality o f separation in the 2D plots is also comparable to the other work which 
used direct waveform digitization of PMT pulses to investigate the digital pulse shape 
discrimination (PSD) in liquid scintillator (Kaschuck et. al. 2005) and (Marrone et.al. 2002). 
However one important advantage of the present work is that it used a simple PSD algorithm 
while the work of Marorone concentrated on more complex pulse shape analysis, typically 
using linear regression techniques to fit a calculated response function to each pulse. A poor 
discrimination between a neutron and a gamma event was observed using the time over 
threshold method. The result of these measurements has shown that, the Q-ratio algorithm is 
preferred when applied to current pulses. Overall, the present results clearly show the power 
of a digital system in achieving good PSD.
hi the second part of the experiment, the digital timing algorithms were used to 
extract the event timing infonnation. The algorithms included intercept, threshold (linear and 
cubic) and zero crossing methods. The effect of threshold, pulse height and sampling rate on 
the perfonnance of the analysis methods was investigated. It was observed that the intercept 
method strongly depends on the choice o f threshold while the other methods are independent 
of threshold. It was concluded that both sampling rate and timing algorithm play an 
important role in measuring timing resolution using a digital technique. The shape of the 
pulse near the threshold point is also an important factor that affects the overall timing 
resolution of the digital system.
It was found that a minimum sampling rate of 500 MS/s is required to obtain good 
timing information by all analysis methods as it allows about 5 sample points on leading 
edge of a current pulse having a rise time~10 ns. The zero crossing method was found to best 
among the analysis methods. The observed improvement of threshold methods (both linear 
and cubic) at high sampling is due to the fact that over sampling techniques (CYGNAL 
application note AN018) may increase the overall bit resolution and consequently 
quantization error decreases. Improved results were obtained by the threshold method at 
lower sampling rate when the linear interpolation was replaced with cubic interpolation.
It is concluded from the above discussion that the digital PSD techniques and timing 
algorithms presented here can be used for pulse height spectroscopy, neutron gamma 
identification in mixed field and time-of-flight measurements. The detailed application of 
these algorithms is discussed in chapter 5, where the timing algorithms are applied to 
measure the neutron energy using the time-of-flight method.
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5. Time of Flight Neutron Measurements
5.1. Introduction
The aim of the experiment presented in this chapter was to measure the timing 
performance of digital pulse processing algorithms applied to the Demon scintillator 
detector. This was achieved by measuring the energy spectrum of fast neutrons from an Am- 
Be neutron source using the time-of-flight (TOF) method. In the Am-Be source sixty percent 
of the neutrons produced from the 9Be(a, n) 12C reaction are in coincidence with y-rays de­
exciting from the 4.43 MeV level in 12C. Using the 4.43 MeV gamma ray as a start signal, 
the energy of the incident neutron can then be measured from the time-of-flight spectrum. 
Additionally, the complete digitisation of pulses allows a comparison of different pulse 
shape discrimination (PSD) software based methods to distinguish between fast neutrons and 
background gamma rays.
5.2. Experimental Setup
5.2.1. The TOF System
In these measurements two different detectors, the Demon module and the BaF2 were 
used to detect neutrons and gamma rays respectively. The BaF2 was chosen due to its 
excellent fast timing properties for gamma rays. Figure 5-1 shows a layout of the TOF 
system. The Demon detector was positioned on the supporting rails on a line directly up 
from the neutron source. The Am-Be source is mounted inside a water tank, which shields 
and thermalises the neutrons. Laboratory safety rules do not allow it to remove from the 
water tank for experiments. To produce fast neutrons incident on the detector a sealed plastic
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pipe was placed into the water tank and positioned above the source using steel rods and 
clamps. The tube has a length of 45 cm with a 6.5 cm diameter. The total distance of the 
Demon detector from the source was measured to be 163 cm that includes a water level 
(which can be voided by the air tube) of 30 cm above the neutron source. Since the BaF2 
detector used was of very small volume, it was placed in the vicinity of the Am-Be neutron 
source inside the water tank as shown in Figure 5-2b.
Figure 5-1A photograph of the layout of the TOF system showing the position of (a) the Demon detector 
immediately above the source (b) the BaF2 detector inside the water tank in the vicinity of the neutron 
source.
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5.2.2. Circuit Description
Figure 5-2 shows the block diagram of the experimental arrangement used in the 
study. The purpose of the analogue electronics was essentially to select the rare neutron- 
gamma coincidences of interest, and the signals were then recorded digitally. The anode 
pulse from the Demon detector was fed to a constant fraction discriminator (CFD1) type 
Canberra 2111. The discriminator threshold was kept to a minimum value to just avoid the 
low energy events. The output of CFD1 was then used as a start signal for the time-to- 
amplitude converter (TAC) type Canberra type 2145. The TAC was stopped with the pulses 
coming from the BaF2 detector. The threshold of CFD2 used in the stop chain was set to a 
high value that allowed only those events that corresponded to 3.9 MeV or greater. More 
precisely, and as shown in the following, the discriminator was adjusted to accept only the 
full energy peak and first escape peak for the 4.43 MeV y-rays produced in the neutron 
production via 9Be(a, n) 12C*(4.43 MeV). The stop signal’s logical output was then delayed 
by 0.5 ps using a delay module type Canberra 2050. The TAC output was used in the 
conventional way to generate an analogue time-of-flight spectrum using an MCA.
The pulses from the anode signal of the Demon detector and the BaF2 detectors were 
directly digitized at a sampling rate of 1 GS/s with a time resolution of Ins per point using a 
digital oscilloscope. The oscilloscope was triggered using the analog TAC signal, which 
provided a convenient trigger signal for genuine coincidence events. The digitised pulses 
were saved onto the PC hard drive for further analysis to obtain a digital time-of-flight 
spectrum, hi this way both analogue and digital time-of-flight spectra were acquired 
simultaneously for each data set, and the timing performance was compared.
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Am-Be
Source
Figure 5-2 Experimental set up for time-of-flight measurement.
5.3. Oscilloscope Pulse Sequence
The amplitude of the TAC pulse is linearly related to the time difference between the 
start and stop signal. The digital equivalent of the TAC pulse can be easily produced once all 
the related signals are completely digitised. Two such examples of typical short and long 
time differences are demonstrated in Figure 5-3. All the pulses were digitised using 10,000 
sample points with 1 ns sampling period. The total numbers of pulses saved was about 
18,000, which were then used to test the performance of the digital timing. Since the entire 
experiment is digitised at the output of the detectors, the results of the experiment therefore 
can subsequently shown in a number of different ways.
The different digital timing algorithms (discussed in chapter 4) were then applied to 
the digitised data to extract the timing information (time marker t') of both the start and the 
stop pulse. The threshold was set to a value of 20 % of pulse amplitude. Once the time of the 
start and stop pulses are known, then the digital time-of-flight or amplitude of TAC signal is 
measured using Equation 5-1:
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Waveform Graph
Waveform Graph
Figure 5-3 The time relation between start and stop pulses for a short time delay (upper) and a long time 
delay (lower). The analogue TAC pulse is also digitised for comparison. The lower trace is the neutron 
detector signal. The signals, shown in the middle traces, pass through a 0.5 ps delay to give the ‘stop’ 
signal for the analogue TAC.
TOF = t„op -ts„r,
Equation 5-1
The time resolution of the digital time-of-flight spectrum can then be extracted using the 
following equation.
FWHMtof = (FWHM; + FWHM^ )1/2
Equation 5-2
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The time resolution of the start signal is supposed to be similar to that of the stop 
signal as the same timing algorithm was used to obtain the timing information of each 
digitised signal. This is based on the assumption that the start and the stop signals have the 
equal rise time. As already discussed in the previous chapter (section 4.3.3), the maximum 
value achieved from the threshold and zero crossing timing is 1.3 ns and 1.1 ns respectively 
for a sampling rate of -1  GS/s, so the expected combined time resolution in digital time-of- 
flight using Equation 5-2 is then 1.8 ns and 1.6 ns using threshold and zero crossing method 
respectively.
5.4. BaF2 Detector calibration
In order to adjust the CFD2 threshold to correctly gate the TAC stop signal, the 
energy calibration of the BaF2 detector was earned out using an analog pulse processing 
system as shown in Figure 5-6. The detector was irradiated with various gamma ray sources 
(Table 5-1). Due to having a high Z, the gamma ray energy spectra measured by the BaF2 
detector gives a full energy peak and some typical gamma ray energy spectra acquired using 
the analog MCA are shown in Figure 5-4.
Table 5-1 List of y-ray sources used to calibrate the BaF2 detector
Source Energy (MeV) Centroid +/- a
133Ba 0.356 128 12
22Na 0.511 192 12
137Cs 0.662 253 13
60Co 1.172 442 15
22Na 1.274 481 9
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The resulting energy calibration curve for the BaF2 detector is shown in Figure 5-5. 
The observed photo peaks are indicated by energies in MeV and the corresponding channel 
numbers. The error in the measured energy channel was estimated by measuring the standard 
error in the mean value, obtained using a Gaussian fit procedure for the corresponding peak. 
The equation Y=381.3X-3.9 describes the best-fit line to the calibration data. This 
calibration was then applied to the BaF2 detector when used in the neutron gamma 
coincidence measurements for the Am-Be neutron time-of-flight.
Channels
Figure 5-4 Energy spectra due to gamma ray sources detected by the BaF2 detector showing photo peak 
energies.
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Energy(MeV)
Figure 5-5 Gamma ray energy calibration plot of the BaF2 detector
5.5. CFD adjustment
The BaF2 detector was then placed inside the water tank, in a suitable cylindrical 
vessel to exclude the water adjacent to the Am-Be neutron source. This gave a good 
efficiency for detecting gamma ray coincidences with neutrons. To calibrate the constant 
fraction CFD2 for the coincidence measurement the circuit in Figure 5-6 was used. A 
complete list of possible reactions producing gamma rays of different energies from the Am- 
Be neutron source contained within the water tank is given in Table 4-1.
I l l
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Figure 5-6 The CFD calibration circuit to set a gate around 3.9MeV gamma energy.
Figure 5-7 shows the gamma ray energy spectrum detected by using the BaF2 
detector. Two dominant gamma ray lines expected from the Am-Be neutron source 
contained in the water tank are clearly visible from the spectrum. One is at an energy of 2.23 
MeV which is due to capture of a neutron on hydrogen and the second is at 4.43 MeV due to 
de-excitation of 12C to its ground level. As shown earlier in Figure 4-5, sixty percent of the 
neutrons produced from Am-Be source are in coincidence with 4.43 MeV gamma rays. The 
minimum level of the CFD2 threshold was adjusted to a level that only allowed gamma 
events that correspond to energy either greater or equal to 3.9 MeV. The effect of this 
threshold on the energy spectrum is shown in Figure 5-8, where all the low energy events 
disappeared when MCA gating was set on. The significance of this threshold is that the 
BaF2 detector records an event, even when one of the 511 keV annihilation photons escapes 
following the absorption of a 4.43 MeV gamma ray by pair production. The upper level of 
the energy spectrum is limited by the MCA gain.
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Energy(MeV)
Figure 5-7 Spectrum due to Am-Be source in the water tank detected by BaF2, showing 2.22 MeV 
gamma ray from n-p capture and a high energy of 4.4 MeV due to carbon interaction. A single and 
double escape peak of 4.43 MeV gamma ray is clearly visible from the insert spectrum.
Energy(MeV)
Figure 5-8 Effect of setting a gate about the 4.4 MeV gamma peak, the sharp cut at high energy is 
because of the M C A  limit being reached. The lower level includes the escape peak for 4.43 MeV gamma 
rays.
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5.6. TAC Calibration
In order to measure the analogue neutron time-of-flight spectrum, the TAC spectrum 
was first calibrated using a timing measurement circuit shown in Figure 5-9. The TFA signal 
was sent to two constant fraction discriminators. The signal from the CFD1 was used as a 
TAC start signal and the second signal from CFD2 with an extra delay generated a stop 
signal as required by the TAC. The discrimination threshold of both signals was adjusted to 
the same high value that allowed events associated with 4.44 MeV gamma rays. The TAC 
was calibrated over a range of 1 ps when the BaF2 detector was used. Figure 5-9 shows the 
calibration curve of the TAC, where the centroid channel number is plotted versus external 
time delay. A best fit equation of Y=2.7X+312 was found and is then used later to extract the 
neutron time-of-flight information, where ‘Y ’ is channel number and ‘X’ is the extra time 
delay in nanoseconds.
♦
HV
Am-Be
Some
BaF2 TFA
CFD
CFD2 - Delay
Start
TAC
\ Stop
Figure 5-9 Timing measurement circuit
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Extra delay (ns)
Figure 5-10 Timing calibration curve of the TAC over a one microsecond range using the BaF2 detector. 
Also shown is the TAC spectrum using an MCA.
5.7. Analog Time-of-flight spectrum
The experimentally measured TAC spectrum for BaF2-Demon coincidences 
produced by the bigger circuit and acquired using a conventional multi-channel analyser 
(MCA), is shown in Figure 5-11. This is the specbum when the air tube was present inside 
the water tank to allow the fast neutrons to reach the neutron detector. The data were 
collected for a live time of about 19 hours. Overall the TAC spectrum consists of both true 
coincidence and random, or chance coincidence regions, where the chance coincidences (flat 
region) are due to uncorrelated pairs o f events in the detectors (neutron and gamma ray) 
occurring within the TAC time range. The sharp peak (right) is due to the scattered gamma 
rays present in the vicinity of the neutron tank and detected in prompt coincidence with the 
Demon detector. The origin and possible interaction of these gamma rays are discussed in 
the following section. The broad peak occurring on the left of the TAC spectrum is due to 
the fast neutrons. This is confirmed by repeating the same measurement but with the air tube 
removed from the water tank, and the resulting time-of-flight spectrum is shown in Figure 
5-12. The reason that neutrons are arriving at shorter time in the time-of-flight spectrum is
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because the TAC was stopped by the gamma ray signal. The FWHM estimated from the y- 
peak is 1.6 ns, which provides a measure of the intrinsic time resolution of the TAC 
spectrum. By assuming the gamma peak to give a measurement at ‘time zero’, the range of 
the fast neutron time-of-flight is estimated as 44-69 ns. Using the classical relation between 
the energy and time for a flight path of 162 cm, it is deduced that the fast neutron energy 
spectrum covers a range ~2.1 -6.0 MeV.
time(ns)
Figure 5-11 Fast neutron time-of-flight spectrum, measured with conventional TAC and MCA. Since the 
gamma ray event was used as TAC stop signal, the TOF increases from right to left.
time(ns)
Figure 5-12 The same as in Fig 5.10 but there was no air tube inside the water tank. The fast neutrons 
disappeared from the spectrum.
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5.8. Digital Data Analysis
5.8.1. Energy measurement
The basic performance of the digital data acquisition system (Figure 5-2) was tested 
by measuring digital pulse height spectra from gamma ray events in the BaF2 detector. A 
simple digital pulse height algorithm, which senses the maximum amplitude of the digitised 
pulse, was used to extract the energy information from the BaF2 digitised pulses. The 
resultant energy spectrum is shown in Figure 5-13 acquired using a trigger signal from the 
TAC. This spectrum is very similar to that obtained with the analog MCA of Figure 5-8. The 
threshold shown at the beginning of the spectrum in Figure 5-13 is due to the optimised 
setting of the CFD2 threshold to allow only gamma events having an energy of 3.9 MeV or 
greater. It is also interesting to note that the some high-energy events (above 5 MeV) that axe 
missing in Figure 5-8 due to the high gain of the TFA are recovered in the digital spectrum.
Energy(a.u)
Figure 5-13 Digital y-ray spectrum from BaF2) gated on fast n-y coincidence
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5.8.2. Digital Time-of-flight spectrum
In this part of the measurements the TAC spectrum was obtained directly from the 
digitised pulses. The output pulses from the BaF2 and Demon detectors were simultaneously 
digitised at a sampling rate of 1 GS/s, using a digital oscilloscope and sequences of pulses 
were saved into a PC hard disc. The oscilloscope was triggered with the TAC analog signal 
shown in Figure 5-2 to select genuine coincidence events. The threshold timing algorithm 
already discussed in chapter 3 was used to get the timing information of each digitised pulse. 
A constant threshold of 20 % of maximum amplitude was used in this measurement. The 
time difference between the start and stop signals was then plotted to obtain the digital TAC 
spectrum. The stop signal was delayed by a constant time of 500 ns, as in the analog circuit. 
Figure 5-14 shows the TAC spectrum extracted from the digital data using the threshold 
timing algorithm (linear interpolation). This spectrum is entirely consistent with the 
analogue spectrum of Figure 5-11. The reason that the neutrons are arriving at shorter times 
in the time-of-flight spectrum is again because the signal from the gamma ray detector 
(BaF2) was used as the TAC stop signal. The FWHM time resolution measured from the 
gamma pealc width is 2.1 ns, which is consistent with the value of 1.6 ns obtained using the 
conventional analogue method (Figure 5-11). As already explained in section 5.3, the 
expected timing resolution of the digital time-of-flight spectrum using Equation 5-2 and 
based on the time resolution of the threshold-timing algorithm is 1.8 ns. The reason that the 
expected and measured time resolutions slightly differ may be due to the fact that two 
different detectors were used in this measurement. For the BaF2 detector, although the pulse 
rise time is faster than the Demon detector, this faster timing may cause a larger timing 
uncertainty from the digital algorithm. This is because there are fewer sample points on the 
rising edge of the digitised signal from BaF2 detector. As was discussed early in section
4.3.3 the threshold timing strongly depends upon the number of sample points on the leading 
edge, which can effect the overall resolution of the digital time-of-flight spectrum. It is 
worth mentioning here that an improvement in FWHM time resolution was observed when 
the linear interpolation was replaced with cubic interpolation. A FWHM of 1.7 ns was 
measured with the cubic interpolation method; this value is very agreement with the value 
1.6 ns measured using the analog method. The detail of this measurement is discussed later 
in section 5.11.
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time(ns)
Figure 5-14 Digital TAC spectrum for a mixed n/y field (with air tube inside water tank)
time(ns)
Figure 5-15 Digital TAC spectrum for gamma rays only (no air tube inside water tank)
5.8.3. Neutron energy spectrum from TOF data
The main purpose of this data was to measure the energy spectrum of fast neutrons 
from an Am-Be neutron source using the time-of-flight (TOF) method. The reaction 9Be(a, 
n) 12C produces neutron groups with discrete energies corresponding to low-lying energy 
levels shown in the energy level diagram for 12C in Figure 5-16. In this measurement the
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prompt coincidence of the emitted neutron and the y-ray de-exciting the 4.43 MeV level in
12 . . .  •*C was utilised in the time-of-flight method.
m
9Be + a
I60QJ6J5;
«5-53 -
58"
iZA*
ik
M t
SuL
■JiH
_£i:
_la .
.749 755XS7
6.664
36345
3089 yn--vn\
I3>
T« 1/2
455 MeV
12C+II
Figure 5-16 Energy-level diagram of 12C and 13C
In a time-of-flight measurement the kinetic energy of the detected neutron is deduced from 
the measurement of distance and time by means of the classical formula
E =  1 M L2
2 cT2
Equation 5-3
Here En is the neutron energy (in MeV), Mnc2 is the neutron rest mass energy (in MeV), c is 
the speed of light (m/s), L is the length of flight path (m), and T is the time (in sec) taken by 
a detected neutron to cover the distance L. In our case L is 1.62m and the neutron detection
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time T is estimated from the time-of-flight spectrum by assuming the gamma peak is 
detected 5.4 ns after the real time of event (gamma rays travel the 1.62m with the speed of 
light, 30 cm/ns). Using the Equation 5-3, the time-of-flight spectrum is used to calculate the 
neutron energy spectrum as shown in Figure 5-17 (a). This neutron energy spectrum is very 
similar to the calculated energy spectrum of Figure 5-17 (b), taken from (Geiger and Van 
Der Zwan 1975). The four discrete neutron groups, no, nj, n2, n3 populating the ground state, 
4.43, 7.65, and 9.64 MeV levels of the 12C are shown in Figure 5-17.
Figure 5-17Am-Be neutron energy spectrum (a) measured from our digital time-of-flight spectrum (b) 
calculated energy spectrum, taken from (Geiger and Van Der Zwan 1975)
Our measured digital energy spectrum between 2 and 6 MeV agrees in general with 
the calculated spectrum associated with the 4.43 MeV de-excitation, except that some details 
of the spectrum shape are different. This variation in the neutron energy may be due to 
variations in the primary alpha particle energy and also the excitation levels that 12C* left in 
before de-excitation (Krane et. al. 1989). Below 2 MeV, however the measured intensity is 
still much higher than the calculated one because of the background contribution due to the 
flat region of the spectrum at times after the broad neutron peak in the timing spectrum. This 
background contribution was then estimated by shifting the time zero in the analysis and 
utilising the analogous region of the uniform flat background in the timing spectrum. It can 
be seen that it accounts for a lot of the low energy rise as indicated by a blue line in Figure 
5-17(a). Once the background contribution is separated, the final energy spectrum free from
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the gamma rays is plotted in Figure 5-18. In the low energy region (£<1.8 MeV), the 
background-subtracted spectrum was smoothed by fitting a Gaussian fit curve through the 
resultant data. Since in our measurement the prompt coincidence of a neutron with a y-ray 
de-exciting the 4.43 MeV (1st excited level) level in 12C was utilised in the time-of-flight 
method, the neutrons corresponding to ground state level in 12C (above 6 MeV) are not 
detected in our energy spectrum. Overall the minimum and the maximum experimental 
energies determined from this simple digital time-of-flight technique agree well with the 
corresponding calculated energies Figure 5-17(b). Note that for low energy neutrons, this 
spectrum will be reduced in intensity due to the effects of the threshold value for the 
deposited energy (required for trigger). This is discussed further in section 5.9.
/(MeV)
Figure 5-18 The same energy spectrum as in Figure 5-17(a) but background subtracted.
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5.9. Comparison of digital deposited energy spectra for neutrons
5.9.1. PSD-gated proton recoil spectrum
It was of interest to compare the form of the fast deposited energy spectrum for fast 
neutrons with that of the incident neutron energy spectrum obtained from the time-of-flight 
method. To separate proton recoil pulses from the background gamma rays, the charge 
comparison pulse shape discrimination method was applied to each Demon pulse to 
discriminate between neutron and gamma events. As described in chapter 4, in the charge 
comparison PSD method each pulse is integrated numerically for two different time intervals 
corresponding to the ‘total charge’ and ‘slow charge’ components. In our system the widths 
of the slow and the total gates were optimised to be 95 ns and 120 ns respectively.
In Figure 5-19 and Figure 5-20, two different spectra are shown which correspond to 
the two different experimental setups with and without the air tube, as already described in 
section 5.8. In these measurements, the charge comparison PSD method was applied to 
separate neutron and gamma events. The Am-Be source in the water tank produces fast and 
thermal neutrons that are allowed to reach the detector without interaction in the water tank 
by using the air tube. A contribution from the gamma rays due to neutron interactions in the 
water tank and other surrounding material is also observed. However, once there was no air 
tube the neutrons are thermalized and the fast neutron events are reduced as shown in Figure 
5-20. The percentage ratio of the number of neutron events to total events were found to be 
28% and 5% for Figure 5-19 and Figure 5-20 respectively.
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Energy (MeVee)
Figure 5-19 Fast neutron deposited energy spectrum obtained from digitised Demon detector pulses, 
with air tube to remove water from neutron path.
Energy(IVleVee)
Figure 5-20 Am-Be energy spectrum obtained from digitised Demon detector pulses (no air tube). The 
neutron component is largely removed.
The scattering process of neutron 011 proton at neutron energies up to 10 MeV is 
isotropic in the centre-of-mass co-ordinate system, so the response function of a detector 
based on simple hydrogen scattering of monoenergetic neutrons in this energy range should
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have a rectangular shape, since the energy transferred to the recoil proton by the neutron 
depends on the scattering angle. Thus, even monoenergetic neutrons give rise to a 
continuous energy distribution for the recoil protons. The shape of the neutron recoil energy 
spectrum measured by our digital method is very consistent with the previous reported work 
of Figure 5-21 (Cemy et al 2004), where the fast neutron recoil energy spectrum of the Am- 
Be source was measured using the analogue charge comparison method. Both the spectra 
(Figure 5-19 and Figure 5-21) show that the fast neutrons have a continuous spectrum 
ranging from a minimum to a maximum value. A significant deviation of the energy 
spectrum from a pure rectangular shape is due to the relative large energy spread of the 
neutrons from the Am-Be source. Since the efficiency for detection of the neutron with the 
Demon detector (Tilquin, Masri et al. 1995) decreases with increasing neutron energy, and 
can also distort the shape of neutron spectrum. It is also important to mention here that due 
to unavailability of monoenergetic neutron source and not knowing the relative variation in 
light sensitivity versus neutron energy, it is impossible to calibrate the energy axis in term of 
neutron absolute energy. However an approximate estimation of the neutron energy range 
covered in our spectrum of Figure 5-19 was calculated on the electron-equivalent calibration 
of the Demon detector using Figure 4-9 and suggested to have values ~ 500 keVee-2.5 
MeVee.
It is also worth to mention that the energy spectrum of Figure 5-18 can also be used 
to predict the form of the neutron spectrum in Figure 5-19. Recall that as discussed in section
3.2, a neutron of energy En will produce protons of energies between zero and En 
(approximately a rectangular* response), and clearly some of these will fall below the 
threshold in deposited energy (see Figure 5-19 and Figure 5-21). This can be corrected using 
a simple algorithm, where the response function is known. Using the approximate of a 
purely rectangular response function, the correction formula is:
thC;,= 0 ; /£ „ < £ ,
- C . X - A —  ifE n>E,h 
A. — An lit
Equation 5-4
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Here, Cn and Cn are the corrected and uncoiTected counts respectively at energy En. 
Et], is the thi*eshold energy in the deposited energy spectrum and the counts should be zero 
for all energies below threshold, as detector cannot detect neutron with total energy below 
deposited cutoff The counts at low energy decrease rapidly as compare to high energy with 
increasing threshold.
The above correction formula was applied to Figure 5-18, and the resultant spectrum 
for deposited energy is shown in Figure 5-22. This spectrum was obtained as the counts in 
each channel of deposited energy spectrum may take all values up to a maximum channel in 
the time-of-flight energy spectrum i.e. the deposited energy spectrum shows the total integral 
counts on the higher energy side of each channel. A threshold of 1.8 MeV was selected for 
this measurement. This threshold value was chosen because of sudden drop of counts at this 
energy in the neutron energy spectrum o f Figure 5-18, measured from TOF method. It is also 
interesting to note that neutron deposited energy spectrum measured in MeVee (Figure 5-19) 
and the predicted proton recoil energy spectrum (Figure 5-22) agree well with each others, 
and that the low-energy threshold in EP (MeV) and MeVee satisfy the relation of these two 
quantities, already described in a previous published data (Lee and Lee, 1998). This relation 
can be seen in Figure 2-12, where the energy of the Compton recoiled electrons (Ee) is 
plotted against proton recoil energy (Ep). Finally, the resultant spectrum for En after 
correcting Figure 5-18, as described above, is shown in Figure 5-23. This neutron energy 
spectrum is very similar to the calculated energy spectrum of Figure 5-17(b), taken from 
(Geiger and Van Der Zwan 1975). Overall the minimum and the maximum experimental 
energies determined from our digital technique agree well with the corresponding calculated 
energies. The low energy counts vary with the threshold energy and can be significantly 
reduce by increasing threshold.
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Total c h a rg e  o f p u ls e  fo r n e u tro n s  (c h a n n e ls )
Figure 5-21 Neutron energy spectrum from Am-Be source measured from charge comparison method 
using conventional analog method (Cerny et al 2004).
Ep(MeV)
Figure 5-22 The form of the proton recoil energy spectrum predicted from the energy spectrum of 
Figure 5-18.
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Figure 5-23 Final Am-Be spectrum after correcting Figure 5-18 using Equation 5-4.
The 2D intensity plots of Qr versus Qt are shown in Figure 5-24 and Figure 5-25 for 
two different data sets. A clear separation is observed at high energy. The lack of fast 
neutron events in Figure 5-25 is because there was no air tube used for this data. Using the 
PSD infonnation, each pulse can be identified as either a neutron or gamma event and the 
resulting pulse height and gamma rays can be extracted.
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Figure 5-24 2D intensity plot of Q R vs Qs (with air tube)
Figure 5-25 2D intensity plot of Q R vs Qs (no air tube)
5.9.2. Comparison of PSD and time-of-flight
The time-of-flight fast neutron spectrum has already been presented in section 5.8.3. 
It is of interest to compare the n/y discrimination performance using the charge comparison 
method with that of time-of-flight measurement. As the PSD spectrum is shown in Figure 
5-24, there is a region of overlapped gamma rays and neutrons in the region of low energy. 
This will pose great difficulty in resolving neutrons out of background gamma rays. In order
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to better resolve neutrons, 2D plot with of time-of-flight channels on one-axis and PSD 
channels on the other axis is shown in Figure 5-26. The data show that constructing such a 
2D plot permits a very clear selection of neutrons from the background gamma rays. Once 
the gamma and the fast neutron are separated by the PSD technique, it then becomes easy to 
separate the neutrons and gamma events in the time-of-flight spectrum. The result obtained 
after applying such separation is displayed in Figure 5-27. The gamma ray contribution is 
still residually present in the neutron spectrum due to some overlap of the gamma and 
neutron PSD signals at low energy. This overlap can be completely removed by setting an 
additional gate along the energy channel and taking only those events above -0.5 MeVee.
20 40 60 80 100 120 140 160 180 200 220 240
TO F(ns)
Figure 5-26 2D intensity plot of slow charge component vs ToF. There is no explicit gating on the 
deposited energy in this plot (all the data are included).
Figure 5-28 shows the total deposited energy spectrum versus time-of-flight obtained 
from the same data file. This type of 2D plot provides a direct comparison of energy 
measured by proton recoil and the time-of-flight method. The triangular shape for the 
neutron events confirms that the absorbed energy from the total charge component ‘Q t  ‘ is 
always less or equal to that than measured from time-of-flight and may take all values up to 
a maximum that is proportional to the incident energy. This is because the total charge
1 3 0
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component measures the proton recoil energy, which is always less than the neutron absolute 
energy. A close look at the triangular shape verifies the relation of energy and time as given 
in Equation 5-3.
time(ns)
Figure 5-27 TOF spectrum of neutron and gamma rays after separation by PSD. The gamma ray 
component is still present in the neutron spectrum. This can be avoided by setting a gate to exclude the 
events with a deposited energy of less than 0.5 MeVee.
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Figure 5-28 2D intensity plot of QT vs TOF. For Neutrons, QT takes all values up to a maximum that 
increases as the neutron energy increases i.e. towards shorter TOF.
5.9.3. TOF-Gated Demon energy spectrum
In this analysis, the energy of the background and prompt gamma rays in the time-of- 
flight spectrum is identified separately. The data were analysed by setting timing gates on 
the time-of-flight spectrum and extracting the corresponding TOF-gated spectra for the 
deposited energy. This type of multi-gated analysis can easily be performed using a digital 
system since all the required timing and amplitude information is automatically contained
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within the event-by-event pulse data. Figure 5-29 shows the setting of gates on the time-of- 
flight spectrum to identify the prompt and background gamma ray events.
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Figure 5-29 The setting of the gates on TOF spectrum to identify the prompt and background gamma 
ray events
Figure 5-30 shows that the background gamma ray spectrum contains a Compton 
edge at about 2 MeV. This implies incident gamma rays energy of approximately 2.23 MeV, 
according to the formula given in Equation 5-6, which can be derived from Equation 2-9 in 
chapter 2. Gamma rays of this energy are expected as a result of the capture of fast neutrons 
in hydrogen (in the water), which is the most prominent reaction of neutrons producing 
gamma rays in this energy range.
Equation 5-5
or
Equation 5-6
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In Figure 5-30, a further Compton edge appeal's at around 1.20 MeV. This implies an 
incident gamma ray of around 1.42 MeV, and this is associated with the room background at 
1.47 MeV. Most of the prompt gamma rays occur at very low energies of less than 1 MeV. 
Although prompt and background events have different energy distribution, it is still not 
clear from the analysis presented so far, where the prompt gamma rays originate. A separate 
experiment was then performed to confirm the source of prompt gamma events. The detail of 
this measurement is given below.
Energy(MeV)
Figure 5-30 The same spectrum as in Figure 5-19 but gated by prompt and background gamma rays 
selected in the time-of-flight spectrum as in Figure 5-29.
In order to investigate further the prompt gamma rays emitted in coincidence with the 
fast neutrons from Am-Be source, Nal (TI) and Ge-detectors were used to measure the 
spectrum of gamma rays near the water tank. The Nal (TI) detector was placed at exactly the 
same position as where Demon detector was located i.e. at in a line above the neutron tank. 
The Ge-detector was placed near the side of the water tank at distance of about 110 cm. A 
simple electronics circuit was used to acquire this data set: the detector output signals after 
passing through an amplifier were fed directly to a conventional MCA. The two spectra are
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given in Figure 5-31 and Figure 5-32 measured using the Nal (TI) and the Ge-deteetor 
respectively.
The detail of possible interaction and relative energies is given in Table 5-2. It is 
shown that 4.43 MeV gamma rays coming from de-excitation of the 1st excited state of 12C 
and 2.23 MeV gamma rays resulting from the capture of neutrons in water are the main 
interactions producing gamma rays in singles. This 4.43 MeV gamma ray is always in 
coincidence with fast neutron production while the capture of a thermalized neutron in 
hydrogen produces a randomly timed background gamma ray of 2.23 MeV. It is also noted 
from the Figure 5-30 that some low energy gamma rays are also present strongly in the 
spectrum. Some of these may be due to the annihilation process occurring for gamma rays 
having energy above 1.02 MeV. These annihilation photons could be in coincidence with 
fast neutrons only if  the parent photon is in coincidence with the neutron. For an example in 
the reaction 9Be(a, n) 12C*, all the gannna rays resulting due to de-excitation of 12C from its 
1st, 2nd and 3ld excited states are in coincidence with the fast neutron. Therefore annihilation 
photons produced following pair production from these gamma rays could feasibly be in 
coincidence with the fast neutron. However, these are more likely candidate for prompt 
gamma rays, as discussed below.
Energy(MeV)
Figure 5-31 Energy spectrum detected by the Nal detector mounted in the position of the Demon 
detector, 1.62m above the Am-Be source in the water tank.
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Energy(MeV)
Figure 5-32 Energy spectrum detected by the Ge-detector placed beside the Am-Be water tank. The 
insert spectrum shows the detail of gamma events having energy above 6.13 and 7.64 MeV listed in Table 
5-2, The peak for the 4.43 MeV and its two associated escape peaks are Doppler broadened due to the 
velocity of emitting I2C from 9Be(a, n) 12C*.
Table 5-2 Possible interactions and associated y-rays energy near the Am-Be source
S.No
Energy
(MeV)
Possible interaction
Timing relationship with 
Detected Fast Neutron
1 0.51 Annihilation reaction random /coincidence
2 0.66 13/Cs (Lab-source) random
3 2.23 'H(n, y)2H random
4 3.92 Escape peak of 4.4 MeV coincidence
5 4.43 De-excitation 1st excited state llC* coincidence
6 6.13 ll>0(n, n ) l<,0 ' coincidence
7 7.64 56Fe(n, y)57Fe random
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Another reaction producing prompt gamma rays is the inelastic scattering of the fast 
neutron with the 160  nuclei in the water tank. A gamma ray of energy 6.13 MeV is emitted 
from such a reaction. Note that any scattering that excites 160  to the 6.05 MeV first excited 
state will produce e+/e" pairs, and hence 0.511 MeV annihilation photons. There is a 
possibility that the 6.13 MeV gamma ray can lose energy by a Compton scattering collision 
with the surrounding water or other material before it is detected. The energy of the scattered 
photon is angle dependent as can be seen from Equation 2-7. Since there are many possible 
scattering angles for the 6.13 MeV gamma ray with in water tank, Figure 5-33 shows the 
curve of the scattered photon energy as a function of the scattering angle. It can be seen 
from the Figure 5-33 that any 6.13 MeV gamma rays scattered at an angle > 60° result in a 
scattered photon with an energy < 1 MeV. These low energy scattered photons are always 
coincidence with a fast neutron. However, inspection of Figure 5-17 shows that very few 
neutrons that are produced in coincidence with a 4.43 MeV gamma ray will be able to excite 
states as high as 6.13 MeV in inelastic scattering. Because the asymptotic behaviour of the 
graph in Figure 5-33 is very similar for 0> 90, over a wide range of gamma ray energies, it is 
possible that there may be other inelastic scattering channels that contribute genuine prompt 
coincidence gamma rays.
Finally, in seeking to identify the prompt gamma ray coincidences, it is instructive to 
note the detented form of Figure 5-8, the energy spectrum from the BaF2 detector. The gate 
has been set so that it is possible for counts in the first escape peak of the 4.43 MeV gamma 
ray to be recorded. This means that some events in the BaF2 will be associated with a 0.511 
MeV gamma ray emitted effectively, from the BaF2. These may travel either directly or by 
scattering to the Demon detector, giving a prompt coincidence.
From all the above discussion, it therefore can be concluded that the background 
events in Figure 5-30 are due to either room background or else the capture of neutrons with 
the hydrogen in water which is a random process, whilst the gamma rays occurring in 
prompt coincidence are may be either the annihilation photons produced from the 4.43 MeV 
gamma ray in the BaF2 detector, or else with very low probability the scattering photon as a 
result of gamma rays from (n, n) collisions with the surrounding material. In any case, the 
narrow width of the prompt gamma ray peak indicates that production is over a small 
volume, and this volume must correspond to the region of either the source or the BaF2, each 
at 1.62m from the Demon detector.
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Scattering angle
Figure 5-33 Energy of Compton scattered photon as a function of scattering angle, calculated for 6.13 
MeV gamma rays according to Equation 2-7.
5.11 Effect of sampling rate on energy resolution
In the time-of-flight method, the neutron energy resolution is determined by the 
timing resolution. Thus by improving the timing resolution, better energy resolution is 
obtained. There are many factors that affect the timing resolution, for example different 
neutron velocities, timing uncertainty in the detection system e.g. the timing resolution of the 
BaF2 detector, and the finite width of the digitizer channels etc. The FWHM of the prompt 
gamma peak includes all o f the above effects.
From Equation 5-3, the energy resolution or the resolving power (Coceva, Frisoni et al. 
2002) of the time-of-flight system is defined by
§E_
E
=  2
r 5L\2 (5 T^2
1/2
+
\ 1 J
Equation 5-7
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Where 8L is the uncertainty in the effective length of the flight path and 5T is the uncertainty 
in the time T taken to cover the distance L. Using Equation 5-3, we can write:
—  = 7 ( a 2 +1.91313£<57’2)1'2 
E  L y ’
Equation 5-8
hi this expression, E is measured in eV, L and SL in cm and ST in microsecond. Here 
we deal with the resolution of our digital system and consequently the only contribution we 
consider is due the timing uncertainty of the digital system i.e. ST. By assuming here the 
uncertainty in flight path ‘8L’ is minimum and can be neglected in this measurement 
(neglecting the effect of different interaction depths in the Demon detector), the effect of 
sampling rate on time (and hence energy) resolution was investigated. The same data set of 
Figure 5-14, acquired at a sampling rate of 1 GS/s was used in all these calculations. The 
sample sequences collected originally at the 1 GS/s sampling rate in the hardware setting 
were manipulated using a software program to imitate acquisitions at low sampling rates. 
This was done simply by selecting every second, third, fourth etc sample for 0.50, 0.33, 0.25 
GS/s etc respectively. For each sampling rate, the fast neutron time-of-flight spectrum was 
plotted and the energy resolution was then estimated from the width of the prompt gamma 
peak in each spectrum. The time-of-flight spectra measured by three different digital 
methods at different sampling rates are displayed in Figure 5-34 to Figure 5-36. Table 5-3 
summarises the effect of sampling rates on the time-of-flight resolution measured using the 
three different digital timing algorithms. The overall effect o f sampling rate on timing 
resolution is the same for all analysis methods i.e. the resolution gets worse and worse at 
lower sampling rate for each method. Contrary to expectation (based on the results of 
chapter 4), the FWHM time resolution values obtained using zero crossing were slightly 
worse than those measured with the threshold method. A reasonable explanation could be 
the larger amount of noise in the data. Since the acquired digitised pulses have a very large 
base line that appears to produce a large uncertainty in determining the timing marker using 
zero crossing method. In addition, as the presented data contains two different events 
(neutron and gamma ray) and the zero crossing point slightly vary from each of these two
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event, which can effect the overall resolution of the zero crossing method. On other hand, as 
expected, the cubic interpolation again provides improved resolution compared to linear 
interpolation in the threshold timing algorithm. It is also interesting to note from Figure
5-34, the sampling rate < 200 MS/s does not enable successful timing and most of the actual 
data is lost as the time resolution function splits into Gaussian-like peaks. This behaviour is 
easily understandable since there are only 1 or 2 samples present on leading edge of the 
pulses from the Demon detector, while the pulses from the BaF2 totally lose the leading edge 
at smaller sampling rate. The results of this measurement are again consistent with our 
previous results for timing resolution in chapter 4.
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Table 5-3 Effect of sampling rate on time-of-flight resolution
Sampling Rate 
(MS/s)
Prompt y-peak FWHM (ns)
Threshold timing Zero-Crossing
Linear
interpolation
Cubic
interpolation
1000 2.1 ±0.1 1.7 ±0.1 2.7 ±0.1
500 2.8 ±0.1 1.7 ±0.1 2.7 ±0.1
333 3.4 ±0.1 2.4 ±0.1 2.9 ±0.1
250 8.4 ±0.1 2.8 ±0.1 3.4 ±0.1
200 Not define 2.3 ±0.1 4.4 ±0.1
Using the data of Table 5-3, we show in Figure 5-37 the result of the calculation for the 
energy resolution or from the timing FWHM. The energy resolution gets worse at low 
sampling rates. As the energy increased the resolution increases more linearly. Note that 
these results (Figure 5-37) include a contribution from the “start” detector, which here is 
BaF2 and has similar intrinsic resolution to the neutron detector. Thus, the intrinsic timing 
and energy resolutions due to the neutron detector alone are lower than shown, by factors of 
1/V2 and 1/2 respectively. Our results shows that in order to obtain the best energy
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resolution, the sampling rate should be high enough to completely capture the fast signals as 
it allow few sample points on the leading edge of a pulse. Thus the sampling rate used to 
digitise the signal plays a major role in the overall digital time resolution. It is concluded that 
a sampling rate of 500 MS/s or higher is absolutely necessary to obtain good results using a 
digital system.
time(ns) time(ns)
time(ns) time(ns)
time(ns)
100 MS/s
0 20 40 00 100 120 140 100 180 200 220 240
time(ns)
Figure 5-34 Effect of sampling rate on TOF spectrum measured using the digital threshold-timing 
algorithm (cubic interpolation)
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Figure 5-35 Effect of sampling rate on TOF spectrum measured using the digital threshold timing 
algorithm (linear interpolation)
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Figure 5-36 Effect of sampling rate on TOF spectrum measured using the digital zero crossing timing 
algorithms
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Table 5-4 Effect of sampling rate on energy resolution (in percent) based on data from Table 5-3 
for the Cubic interpolation
Energy (MeV) 1000 MS/s 500 MS/s 333 MS/s 250 MS/s
1 2.9 2.9 4.1 4.8
2 4.1 4.1 5.8 6.8
3 5.0 5.0 7.1 8.3
4 5.8 5.8 8.2 9.6
5 6.5 6.5 9.2 10.7
6 7.1 7.1 10.0 11.7
8 8.2 8.2 11.6 13.5
10 9.2 9.2 13.0 15.1
20 13.0 13.0 18.3 21.4
30 15.9 15.9 22.4 26.2
Energy(MeV)
Figure 5-37 Effect of sampling rate on the energy resolution, calculated in Table 5-4 by using formula in 
Equation 5-7 and based on the data for Cubic interpolation in Table 5-3,
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5.10. Discussion
In this chapter, the use of digital data acquisition techniques for neutron time-of- 
flight spectroscopy was investigated using a Demon neutron detector (liquid scintillator). 
Energy spectra of the fast neutrons produced from an Am-Be neutron source were measured 
using the time-of-flight technique. The time-of-flight resolution measured by using the 
digital method was 1.7 ns, which is in agreement with the measured value of 1.6 ns using the 
conventional analog method. The slightly worse resolution of the digital system can be 
attributed to the fast rise time of BaF2. It is due to the fact that, for the digital method, the 
rise time of the pulse should be long enough to cany at least several samples on the leading 
edge of each pulse. The result of the digital system can be improved if  both the detectors 
used in coincidence have comparative equal rise time. This situation at least will provide an 
equal uncertainty in determining the timing of both the start and the stop signals. The 
measured fast neutron energy spectrum using time-of-flight covers a range of about -  2-6 
MeV in agreement the predicted spectrum (Geiger and Van Der Zwan 1975) shown in 
Figure 5-18(b). The measured recoil proton energy spectrum using a digital charge 
comparison method was also found to have the similar structure to that reported by other 
authors (Cemy at al, 2004) and to our same recoil energy spectrum predicted from the 
energies measured by time-of-flight. Three parameters, time-of-flight, PSD and the recoil 
energy were recorded in an event-by-event mode to extract the useful information 
particularly to measure the response function of the scintillator detector in a coincidence 
measurement. Gamma rays admixed with neutrons could be well resolved in a 2D intensity 
plot, where time-of-flight was plotted versus the PSD component ‘Qr’. The projection of 
only the neutron components in proton recoil and time-of-flight spectra free from the 
background gamma rays, which enable us to determine directly the proton recoil edge for 
corresponding incident neutron energy. The time of flight versus PSD shows that 
simultaneous use of both discrimination methods is more effective to separate the neutrons 
and gamma rays as compared to the use o f PSD alone.
Our measurements in this chapter show that the digital data acquisition technique is a 
powerful technique and its implementation is rather easy and straightforward. The digital 
data acquisition technique developed here has many advantages over the conventional 
method. By constructing 2D plots, it is easy to compare the performance of different
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methods and to optimize the analysis setting for extracting the useful information from the 
single data set. This technique allows the collection of as much as information from the 
neutron detector as possible, so that any algorithm can be applied by changing only the 
analysis software. The new system will be used for various neutron experiments earned out 
by a time-of-flight method on a pulsed neutron beam.
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6. Conclusion
This research was earned out to develop digital data acquisition techniques for the 
detection of fast neutrons in a mixed n/y field using a scintillator detector. The performance 
of the digital sampling technique based on an 8-bit resolution digitiser has been successfully 
presented. In this work, good n/y pulse shape discrimination (PSD) has been demonstrated 
using computationally simple and straightforward digital charge comparison and time-of- 
flight methods. The performance of the digital techniques was tested using a Demon detector 
(liquid scintillator). Measurement of the FOM was used to compare the performance of 
these algorithms. A FOM of 1.5 was measured using a digital charge comparison method 
(Q-ratio) that agree well with the FOM of 2 obtained in the early reported work (Kaschuck, 
2005), where a similar comparison method was used to discriminate between fast neutrons 
and gamma rays but with 12-bit ADC resolution. A complete loss of separation was found 
for an 8-bit ADC at low energy in the same study.
The performances of the digital timing algorithms were also tested and the effect of 
sampling rate on the timing resolution was investigated. The intercept timing and threshold 
timing methods were foimd to be best at high sampling rate whereas the zero-crossing 
method has shown good resolution at low sampling rate. This study strongly suggests that a 
500 GS/s or higher sampling rate is necessary to obtain good results from the digital 
techniques using an 8-bit digitizer. The timing performance of the digital system suggests 
that such a system could be used for time-of-flight experiments where timing resolution of 1 
ns FWHM is required. It is strongly recommended that the analysed digital pulse processing 
techniques should be extended and applied for various neutron experiments earned out by a 
time-of-flight method on a pulsed neutron beam.
In the neutron gamma coincidence measurements reported here, two different 
detectors were used. The complete digitisation of all the primaiy signals allowed the 
extraction of multiple pieces of information from a single data set. This experiment 
implementing the coincidence technique was used to compare the timing performance of the 
different digital PSD algorithms. The developed techniques provide an incident neutron
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energy spectrum that can in principle allow the determination of neutron flux as well as 
neutron dose equivalent. It is therefore strongly recommended that further research to this 
work be pursued to explore new ways to enhance the techniques and investigate further 
digital PSD algorithm for use with liquid scintillators.
The use of the digital data acquisition system showed that the idea of digitising more 
signals is effective to recover useful information, which may otherwise be lost when using 
conventional analog techniques. Digital PSD has been shown to be a powerful technique for 
the capture and analysis of complete waveforms on an event-by-event basis for 
discrimination of fast and slow neutrons and gamma rays. The digital pulse shape 
discrimination and timing capability achieved using a Demon detector proves the 
effectiveness of the system for neutron time-of-flight applications. As the performance of 
high-speed waveform digitizers continues to improve, such digital pulse processing 
techniques will also be well suited for use in portable neutron monitors.
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